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A c t i v e l y  c o o l e d  p a n e l  c o n c e p t s ,  c o n f i g u r e d  s p e c i f i c a l l y  f o r  u s e  i n  r e g i o n s  
o n  h i g h  s p e e d  a i r c r a f t  w h i c h  are s u b j e c t  t o  i n t e r f e r e n c e  h e a t i n g  e f f e c t s ,  h a v e  
b e e n  i d e n t i f i e d .  F i g u r e  1 i n d i c a t e s  t h e  many p o t e n t i a l  d e s i g n  s o l u t i o n s ,  e a c h  
c o m p a t i b l e  w i t h  a n  a i r c r a f t  a c t i v e l y  c o o l e d  s t r u c t u r a l  a r r a n g e m e n t ,  t h a t  were 
considered.   Each of t h e s e  s t r u c t u r a l  and c o o l i n g   s y s t e m   d e s i g n   a l t e r n a t i v e s  
o f f e r e d  p o t e n t i a l l y  f a v o r a b l e  c h a r a c t e r i s t i c s  f o r  c e r t a i n  d e s i g n  h e a t i n g  con- 
d i t i o n s .  
A wide range of d e s i g n  h e a t i n g  c o n d i t i o n s  w a s  cons idered .  Uni form sur face  
h e a t i n g  rates (4 uniform) , o v e r  t h e  e n i i r e  p a n e l ,  o f  ‘ u p  t o  113.5 kW/rn2 (10 
Btu / sec  f t  ) w e r e  c o n s i d e r e d .   L o c a l   h e a t i n g   r a t e   i n c r e a s e s  (4  peak/{  uniform) , 
a t t r i b u t a b l e  t o  i n t e r f e r e n c e  h e a t i n g  e f f e c t s  on a p o r t i o n  of t h e  p a n e l  s u r f a c e ,  
up t o  a f a c t o r  o f  5 were examined. 
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FIGURE 1 
ACTIVELY  COOLED  PANEL  DESIGN  ALTERNATIVES 
The d e s i g n  a l t e r n a t i v e s  w e r e  compared  us ing  fou r  f igu res  of merit: mass, 
p r o d u c i b i l i t y ,   r e l i a b i l i t y   a n d  inspectability/maintainability. It w a s  concludec 
t h a t  t h r e e  d e s i g n  a p p r o a c h e s  were s u p e r i o r  o v e r  v a r i o u s  p o r t i o n s  of t h e  m a t r i x  c 
p o t e n t i a l  d e s i g n  c o n d i t i o n s .  F i g u r e  2 i d e n t i f i e s  t h e  r e g i m e  o f  a p p l i c a b i l i t y  
e s t a b l i s h e d  f o r  t h e  t h r e e  s e l e c t e d  d e s i g n  c o n c e p t s .  
F o r  r e g i o n s  t h a t  e x p e r i e n c e  m i l d  u n i f o r m  s u r f a c e  h e a t i n g  a n d  m i n o r  i n t e r f e r  
e n c e  h e a t i n g  e f f e c t s ,  i t  i s  n o t  n e c e s s a r y  t o  s i g n i f i c a n t l y  a l t e r  t h e  b a s i c  c o o l e  
pane l   des ign   approach .   These   des ign   cond i t ions  a re  b e s t  s a t i s f i e d  by   provid ing  
s l i g h t  m o d i f i c a t i o n s  t o  t h e  b a s i c  d e s i g n  that i s  o p t i m i z e d  f o r  u n i f o r m  h e a t i n g  
such as reducing  the c o o l a n t   t u b e   s p a c i n g   a n d / o r   i n c r e a s i n g   t h e   c o o l a n t   f l o w .  A 
M o d i f i e d  B a s e l i n e  P a n e l  C o n c e p t ,  s u i t a b l e  f o r  t h i s  a p p l i c a t i o n ,  i s  d e f i n e d .  
Under  moderate  design heat ing r a t e  c o n d i t i o n s ,  a Finned Tube  Concept is 
recommended.  The o n l y   s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n   t h i s   c o n c e p t   a n d   t h e   b a s i c  
c o o l e d   p a n e l   d e s i g n  is t h a t  t h e  c o o l a n t  t u b e s  are  i n t e r n a l l y  f i n n e d .  The i n t e r -  
n a l  heat t r ans fe r  enhancemen t  a f fo rded  by t h e s e  t u b e s  h e l p s  m i n i m i z e  t h e  mass 
c h a r g e a b l e   t o   t h e   p a n e l .  A s  i n d i c a t e d  i n  F i g u r e  2 ,  t h i s   d e s i g n   a p p r o a c h  i s  
a t t r a c t i v e  o v e r  a b road  band  o f  po ten t i a l  des ign  hea t ing  cond i t ions .  
A t  v e r y  h i g h  u n i f o r m  h e a t i n g  r a t e s  a n d / o r  p e a k  h e a t i n g  ra tes ,  a n  I n s u l a t e d  
Panel  Concept i s  r e q u i r e d .   T h i s   c o n f i g u r a t i o n   u s e s  a the rma l   p ro t ec t ion   sys t em 
(TPS) ,  cons i s t ing  o f  a m e t a l l i c  s h i n g l e  a n d  i n s u l a t i o n ,  o v e r  t h e  b a s i c  c o o l e d  
p a n e l .   O t h e r   s t u d i e s   f o u n d   t h a t   i n s u l a t e d   s y s t e m s  a re  n e c e s s a r y ,   t o  Some e x t e n t ,  
t o  r e d u c e  t h e  a b s o r b e d  h e a t  l o a d  t o  a l e v e l  c o m p a t i b l e  w i t h  t h e  a v a i l a b l e  f u e l  
h e a t   s i n k .   T h i s   d e s i g n   a s p e c t  w a s  n o t  c o n s i d e r e d  i n  e s t a b l i s h i n g  t h e  r e g i m e  o f  
a p p l i c a b i l i t y  shown i n  F i g u r e  2 .  
Pane l  des ign  was  found  to  be  p r imar i ly  in f luenced  by  the  peak  hea t ing  r a t e  
exper ienced .  The s p e c i f i c  l o c a t i o n  o f  t h e  i n t e r f e r e n c e  h e a t i n g  p a t t e r n  o n  t h e  
p a n e l  s u r f a c e  w a s  n o t  a d r i v i n g  f a c t o r .  I n  a d d i t i o n ,  i t  was conc luded   t ha t  a 
t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n  d i d  n o t  i m p o s e  a s i g n i f i c a n t  p r o b l e m  t o  p a n e l s  
a l r e a d y  c o n f i g u r e d  f o r  two d i m e n s i o n a l  i n t e r f e r e n c e  h e a t i n g .  
2 
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Aerodynamic  hea t ing  encountered  dur ing  h igh  speed  f l igh t  imposes  
d e s i g n  c o m p l e x i t i e s ,  a n d  i n  t h e  l o c a l  r e g i o n s  o f  t h e  a i r c r a f t  s u b j e c t  t o  
i n t e r f e r e n c e  h e a t i n g  t h e s e  c o m p l e x i t i e s  are compounded.  While t h e  e x a c t  
n a t u r e  of i n t e r f e r e n c e  h e a t i n g  i n  h y p e r s o n i c  f l i g h t  is n o t  f i r m l y  e s t a b -  
l i shed ,  numerous  cond i t ions  can  r e su l t  t ha t  cause  o rde r  o f  magn i tude  in -  
creases i n  l o c a l  s u r f a c e  a e r o d y n a m i c  h e a t i n g  rates. T h e s e   i n c l u d e   t h e   i n t e r -  
s e c t i o n  o f  a shock wave (e.g. ,  induced by a p ro tube rance )  w i th  a downstream 
f low f i e ld ,  conve rgence  o f  boundary  l aye r s  i n  co rne r s ,  and  r ea t t achmen t  o f  a 
sepa ra t ed  boundary  l aye r .  
T h i s  s t u d y  i s  a s t e p  i n  t h e  e v o l u t i o n  of a c t i v e l y  c o o l e d  s t r u c t u r e  f o r  
h i g h   s p e e d   a i r c r a f t .   P a s t   i n v e s t i g a t i o n s   a c k n o w l e d g e d   t h e   p o t e n t i a l   a d v a n -  
t a g e s  o f  c o o l e d  s t r u c t u r e  a n d  a d d r e s s e d  s p e c i f i c  c o n s i d e r a t i o n s  r e q u i r i n g  
r e s o l u t i o n   o f   f e a s i b i l i t y .   S t u d i e s ,   s u c h  as Reference 1, provided  an  under- 
s t a n d i n g  o f  t h e  a i r f r a m e  h e a t  l o a d s  a s s o c i a t e d  w i t h  h y p e r s o n i c  t r a n s p o r t s  
and   p rov ided   i n s igh t   i n to   ac t ive   coo l ing   sys t em  des ign .   Ano the r   s tudy ,  
Reference 2 ,  d e m o n s t r a t e d  t h a t  s u c h  s y s t e m s  c a n  i n c o r p o r a t e  f a i l - s a f e  p r o -  
v i s i o n s  t o  p r o v i d e  a b o r t  mode o p e r a t i o n  i n  c a s e  o f  c o o l i n g  s y s t e m  f a i l u r e .  
I n  a d d i t i o n ,  s t u d i e s  are cu r ren t ly  be ing  conduc ted  in  wh ich  t e s t  specimens 
o f  v a r i o u s  a c t i v e l y  c o o l e d  s t r u c t u r a l  c o n c e p t s  are b e i n g  f a b r i c a t e d  a n d  tes t -  
e d .   T h e s e   s t u d i e s   a r e   d i s c u s s e d   i n   R e f e r e n c e  3 .  
The i n t e n t  of t h e  s t u d y  r e p o r t e d  h e r e i n  w a s  t o  i d e n t i f y  t h e  e f f e c t  o f  
i n t e r f e r e n c e   h e a t i n g  on ac t ive ly   coo led   pane l   des ign .  The fo l lowing   s tudy  
o b j e c t i v e s  w e r e  e s t a b l i s h e d :  
o D e f i n e   c o o l e d   p a n e l   c o n c e p t u a l   d e s i g n s   f o r   a p p l i c a t i o n   i n   r e g i o n s  
s u b j e c t  t o  l a r g e  l o c a l  i n c r e a s e s  i n  s u r f a c e  h e a t i n g  r a t e .  
o Eva lua te   t hese   concep t s   and   compare   t he i r   des ign   r equ i r emen t s   w i th  
those  coo led  pane l s  des igned  fo r  exposure  to  un i fo rm su r face  hea t ing .  
o Select p a n e l   d e s i g n s   f o r   t h r e e   s p e c i f i c   i n t e r f e r e n c e   h e a t i n g   c o n d i -  
t i ons .   These   cond i t ions   cons ide red  a uniform  surfac’e   heat ing ra te  
(‘uniform 
c a u s e d  b y  l o c a l  f l o w  d i s t u r b a n c e  e f f e c t s ,  s u p e r i m p o s e d  o v e r  t h e  u n i -  
form  hea t ing   leve l   near   one   end  of t he   pane l .   These   i nc reased   hea t -  
i n g  b a n d s  r e f l e c t e d  b e l l - s h a p e d  h e a t i n g  r a t e  d i s t r i b u t i o n s  w i t h  a 
des igna ted   l ocus   o f   peak   hea t ing  (q ). The t h r e e   s p e c i f i e d   e s i g n  
cond i t ions  cons ide red  the  fo l lowing  hea t ing  r a t e  levels :  
) o v e r  t h e  e n t i r e  p a n e l  a n d  a band  of i n c r e a s e d  h e a t i n g ,  
peak 
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r ,  
Design  Condition  'uniform 'peak 
1 22.7 kW/m (2   Btu /sec  f t  ) 2 2 2 2 45.4 kW/m (4   Btu /sec  f t  ) 
2 2 2 
2 
2 22.7 kW/m (2  Btu/sec f t  ) 113.5 kW/m2 (10 Btu /sec  f t  ) 
3 56.7 kW/m2 ( 5   B t u / s e c   f t 2 ) 170.2 kW/m2 (15  Btu/sec f t  ) 
o I n v e s t i g a t e  b o t h  two a n d  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n s  t o  d e t e r -  
mine  whether  the  more  complex  three  d imens iona l  pa t te rn  imposes  any  
unique  des ign  requi rements .  
o P r e p a r e   p a r a m e t r i c   d a t a   p r o v i d i n g   " c r o s s - o v e r "   i n f o r m a t i o n   i d e n t i f y i n g  
t h e  optimum d e s i g n  c o n c e p t  f o r  a n y  s p e c i f i c  h e a t i n g  c o n d i t i o n  w i t h i n  
a wide   r ange   o f   po ten t i a l   cond i t ions .   These   cond i t ions   cons ide red  
h e a t i n g  rates from 5.7 kW/m2 (0.5  Btu/sec f t  ) t o  567 kW/m (50 Btu/ 
sec f t  ). 
2 2 
2 
I n  a d d i t i o n  t o  t h e s e  p r i m a r y  o b j e c t i v e s ,  s u p p l e m e n t a r y  g o a l s  were es tab-  
l i s h e d .  The s i g n i f i c a n c e   o f   v a r i a t i o n s   i n   t h e   l o c a t i o n ,   e x t e n t ,   a n d   s h a p e   o f  
t h e  i n t e r f e r e n c e  h e a t i n g  p a t t e r n  w a s  t o  b e  i d e n t i f i e d .  A secondary   t r ade  
s tudy  compar ing  coo lan t  t ube  hea t  t r ans fe r  augmen ta t ion  t echn iques  w a s  t o  b e  
accompl i shed   p r io r   t o   compar ing   cand ida te   coo led   pane l   concep t s .   F ina l ly ,  
t r e n d s  were t o  b e  c o n s i s t e n t l y  s c r u t i n i z e d  t o  d e t e r m i n e  i f  a n y  i m p r o v e m e n t s  
i n  t h e  p r e s e n t l y  a c c e p t e d  c o o l e d  p a n e l  d e s i g n  p h i l o s o p h y  c o u l d  b e  i d e n t i f i e d .  
S e c t i o n  3 provides  the  background informat ion  regard ing  the  s tudy  bases  
a n d   a n a l y t i c a l   t e c h n i q u e s   u s e d .  It a l s o   d e f i n e s   t h e   b a s e l i n e   c o o l e d   p a n e l  
d e s i g n s  t h a t  were used  in  subsequen t  ana lyses .  
D e t a i l e d  c o n c e p t  d e f i n i t i o n s  are p r o v i d e d  i n  S e c t i o n  4 a l o n g  w i t h  d i s c u s -  
s i o n s  o f  t h e  a n a l y s e s  u s e d  t o  s i z e  t h e  c o n c e p t s  f o r  t h e  t h r e e  s p e c i f i e d  two- 
d i m e n s i o n a l   h e a t i n g   p a t t e r n   d e s i g n   c o n d i t i o n s .   T h i s   s e c t i o n   a l s o   d e s c r i b e s  
t h e   r a n k i n g   s y s t e m   t h a t  w a s  used   for   concept   compar isons .   Ranking   c r i te r ia  
i n c l u d e d   p r o d u c i b i l i t y ,   r e l i a b i l i t y ,   a n d  inspectability/maintainability. 1 
The t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n  a n a l y s e s  a re  d i s c u s s e d  i n  S e c t i o n  5 .  
S e c t i o n  6 d i scusses  the  pa rame t r i c  eva lua t ions  conduc ted  to  expand  the  use fu l -  
nes s   o f   t he   s tudy   r e su l t s .   Conc lus ions   and   obse rva t ions   de r ived   f rom  the  
s t u d y  are p r e s e n t e d  i n  S e c t i o n  7.  
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3.  DESIGN BASES AND TECHNLQUFS 
Many v a r i a b l e s ,  i n  a d d i t i o n  t o  t h e  s p e c i f i e d  d e s i g n  r e q u i r e m e n t s ,  a f f e c t  
t h e  d e s i g n  of a c t i v e l y  c o o l e d  s t r u c t u r a l  p a n e l s .  Some assumpt ions   had   to   be  
. .  
made t o  h o l d  t h e  number of t h e s e  v a r i a b l e s  t o  a manageable level f o r  : t h i s  s t u d y .  
These assumptions were b a s e d  o n  t h e  e x p e r i e n c e  a f f o r d e d  b y  earlier coo led  pane l  
s t u d i e s   i n c l u d i n g   t h o s e   s u m m a r i z e d   i n   R e f e r e n c e s  1 and 2 .  A n a l y t i c a l   t e c h n i q u e s  
d e v e l o p e d  d u r i n g  t h e s e  p r e v i o u s  s t u d i e s  were used wherever p o s s i b l e  ... .The a n a l y s e s  
conduc ted  to  s i z e  t h e  b a s e l i n e  p a n e l  c o n f i g u r a t i o n s  f o r m e d  p r o c e d u r a l  b a s e s  w h i c h  
were modif ied  only  when necessary .  dur ing  subsequent  ana lyses .  
3.1 Genera l   Des ign   Guide l ines  
I n  o r d e r  t o  c a p i t a l i z e  o n  t h e  d a t a  a v a i l a b l e  f r o m  t h e  earlier s t u d i e s ,  
i t  w a s  assumed t h a t  t h e  s u b j e c t  p a n e l  d e s i g n  i s  i n t e n d e d  f o r  i n s t a l l a t i o n  on a 
Mach 6 h y p e r s o n i c  t r a n s p o r t  a i r c r a f t .  The system  design  assumed w a s  t h a t  con- 
s i d e r e d   i n   t h e   R e f e r e n c e  1 and 2 s t u d i e s .  A s  i n d i c a t e d  i n  F i g u r e  3 ,  c o o l a n t  
i s  pumped t o  t h e  a i r c r a f t  e x t e r n a l  s u r f a c e  p a n e l s  t o  a b s o r b  t h e  a e r o d y n a m i c  
hea t ,   and  i s  r e t u r n e d   t o  a hea t   exchanger .  Heat i s  r e j e c t e d   t o   t h e   h y d r o g e n  
f u e l  a n d  t h e  c o o l a n t  r e c i r c u l a t e d .  
A s  r e p o r t e d  i n  R e f e r e n c e  3 ,  a t  l e a s t  t h r e e  d i s t i n c t l y  d i f f e r e n t  s t r u c -  
t u r a l  c o n c e p t s  h a v e  b e e n  d e v e l o p e d  t o  meet t h e  b a s i c  c o o l e d  p a n e l  r e q u i r e m e n t s :  
o A s k i n  s t r i n g e r  s t r u c t u r e  w i t h  d u a l  c o u n t e r f l o w  c o o l i n g  p a s s a g e s .  
o A honeycomb  sandwich s t r u c t u r e  w i t h  s i n g l e  p a s s  t u b e s  imbgdded i n  t h e  
honeycomb core .  
o A s t r i n g e r - s t i f f e n e d ,  b r a z e d  p l a t e - f i n  s a n d w i c h  s t r u c t u r e  u s i n g  t h e  
r e c t a n g u l a r  f i n  c o r e  as coo lan t  pas sages .  
Each  of t hese  concep t s  has  un ique  advan tages  and ,  a t  t h i s  t i m e ,  none can be 
j u d g e d  t o  b e  s u p e r i o r .  
The  honeycomb  sandwich  panel s t r u c t u r a l  c o n c e p t ,  shown i n  F i g u r e  4 ,  
w a s  s e l e c t e d  as t h e  b a s e l i n e  c o n f i g u r a t i o n  f o r  t h i s  s t u d y ,  p r i m a r i l y  t o ' t a k e  
advantage of ava i l ab le   i n fo rma t ion .   A l though  i t  was beyond t h e  s c o p e  o f  t h i s  
s t u d y  t o  a n a l y z e  a l l  v i a b l e  s t r u c t u r a l  c o n c e p t s ,  i t  i s  n e v e r t h e l e s s  e x p e c t e d  
t h a t  t h e  t r e n d s  d e v e l o p e d  are r e l a t i v e l y  i n d e p e n d e n t  o f  t h e  b a s e l i n e  s t r u c t u r a l  
arrangement.  . .  
A methano l lwa te r  so lu t ion  was i n i t i a l l y  c o n s i d e r e d  f o r  u s e  as3 t h e  s t u d y ' s  
h e a t   t r a n s p o r t   f l u i d .   R e s u l t s   o f  mass o p t i m i z a t i o n   s t u d i e s   p r e v i o u s l y   c o n d u c t e d  
a t  MCAIR showed t h a t  mass is minimized  wi th  methanol  based  coolan ts  wi th  e thylene  
g l y c o l / w a t e r   s o l u t i o n s   t h e   s e c o n d   m o s t   a t t r a c t i v e   c a n d i d a t e .   H o w e v e r ,   t h e r e  is  
H from H to 
es 
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FIGURE 3 
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conce rn  r ega rd ing  the  use  o f  me thano l  due  to  i ts  low f l a s h  p o i n t .  E t h y l e n e  
g lYcol /water ,  bh ich  has  a h i g h e r  f l a s h  p o i n t ,  i s  s p e c i f i e d  as t h e  c o o l a n t  to be 
u s e d  i n  t h e  h a r d w a r e  test P rogram d i scussed  in  Refe rence  3 .  F o r  t h i s  r e a s o n ,  
i t  w a s  d e c i d e d  t o  b a s e  t h i s  s t u d y  o n  t h e  u s e  o f  a n  e t h y l e n e  g l y c o l / w a t e r  (40 
p e r c e n t  water b y  w e i g h t )  s o l u t i o n .  AII i n l e t  t e m p e r a t u r e  o f  283 K (50OF) was 
c o n s i d e r e d  t o  b e  o p t i m u m  f o r  e t h y l e n e  g l y c o l / w a t e r  s o l u t i o n s .  
F i g u r e  5 summar izes   the   des ign   gu ide l ines   used .   The   fo l lowing  comments 
supp lemen t  t he  in fo rma t ion  con ta ined  in  F igu re  5. 
a .  The tube- to-sk in   jo in t   thermal   conductance   va lue  i s  r e p r e s e n t a t i v e  
of a good t h e r m a l  c o n t a c t ,  s i g n i f i c a n t l y  b e t t e r  t h a n  o b t a i n a b l e  
w i t h  c u r r e n t  a d h e s i v e  b o n d i n g  materials. T h i s  v a l u e  is more  repre-  
s e n t a t i v e  o f  a s o l d e r  j o i n t  a n d  i s  f e l t  t o  b e  a c h i e v a b l e  t h r o u g h  
normal development procedures. 
b. The c o o l a n t   t u b e  wall  t h i c k n e s s  i s  midway i n  t h e  r a n g e  o f  t h i c k n e s s e s ,  
0.51 t o  0.89 mm (0.020 t o  0.035 i n ) ,  a v a i l a b l e  i n  aluminum  tubing 
of t h e  d i a m e t e r s  c o n s i d e r e d .  
c. The coo lan t   t ube   d i ame te r  i s  d e f i n e d  as the   ou t s ide   d i ame te r   o f  a 
round  a luminum tube  p r io r  t o  shap ing  in to  the  D-tube c o n f i g u r a t i o n .  
d.  The minimum a l l o w a b l e  p a n e l  o u t e r  s k i n  t h i c k n e s s  i s  e s t a b l i s h e d  by 
i n s t a l l e d  m a i n t e n a n c e  c o n s i d e r a t i o n s .  
e. C o o l a n t  p r o p e r t i e s  are based  on  vendor   data  as p r e s e n t e d  i n  F i g u r e s  
6 and 7 .  
3.2 Thermodynamic Analyses 
The c o o l e d  p a n e l  c o n f i g u r a t i o n s  were a n a l y z e d  i n  s u f f i c i e n t  d e p t h  t o  
determine:  
a. The c o o l a n t   f l o w   r e q u i r e d   t o  l i m i t  t h e  maximum o u t e r   s k i n   t e m p e r a t u r e  
t o  394 K (250°F) .  When t h e   f l o w  r a t e  and p res su re   d rop   t h rough   t he  
p a n e l  a r e  known, t h e  e f f e c t  of t hese  r equ i r emen t s  on a c t i v e  c o o l i n g  
system components can be determined. 
b .   T e m p e r a t u r e   d i s t r i b u t i o n s   t h r o u g h o u t   h e   s t r u c t u r e .   T h i s   i n f o r m a t i o n  
i s  r e q u i r e d  f o r  t h e  s t r u c t u r a l  a n a l y s i s  o f  p a n e l  d e s i g n s  as d i s c u s s e d  
i n  S e c t i o n  3.3.  
A cooled panel  thermal  model  was s e t  up u s i n g  MCAIR 'S  Genera l  Heat  Transfer  
Computer  Program, KBDR. Th i s   p rog ram  p rov ides   fo r   t h ree -d imens iona l   de t a i l ,   has  
t r a n s i e n t  t e m p e r a t u r e  c a p a b i l i t i e s ,  a n d  i n c l u d e s  l o c a l l y  i n c r e a s e d  t h e r m a l  n o d e  
d e n s i t y  t o  p e r m i t  d e t a i l e d  a n a l y s i s  o f  t h e  r e g i o n  e x p o s e d  t o  i n c r e a s e d  h e a t i n g .  
The model (Figure 8) r e p r e s e n t s  a coo led  pane l  s ec t ion  one  p i t ch  wide  and  6 .1  m 
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PHYSICAL  CHARACTERISTICS 
P a n e l   S i z e ;   6 . 1 0  m ( 2 0  f t )  by   1 .52  m ( 5  f t )  
P a n e l  C o n s t r u c t i o n ;  honeycomb  sandwich 
Cover   Skin ,   Edging  Member, a n d  S p l i c e  P l a t e  Material; 2024-T81  Aluminum 
Coolant Tube  and  Mani fo ld  Fa te r ia l ;  6061-T6  Aluminum 
Honeycomb C o r e   M a t e r i a l ;  5056-H39  Aluminum 
Honeycomb Core Deps i ty ;   49 .7   kg /m3(3 .1   lbm/f t3)  
Panel  Tube  and  Header  Sys tem Arrangement ;  non-redundant  
P a n e l  A s s e m b l y ;  a d h e s i v e l y  b o n d e d  e x c e p t  f o r  t u b e - t o - s k i n  j o i n t  
Tube-to-Skin  Joint   Thermal   Conductance;   45.4 kW/m2.K (8000 B t u / h r  f t 2  O F )  
Coolant  Tube  Shape;  D-shape 
Coolant   Tube   Wal l   Thickness ;  0 . 7 1  mm (0.028 i n )  
Minimum P r a c t i c a l  Tube  Spacing;  2.54 cm (1.0 i n )  
Minimum P r a c t i c a l  C o o l a n t  T u b e  I n s i d e  Diameter; 0 . 4 8  cm (3 /16  i n )  
Minimum A l l o w a b l e  P a n e l  O u t e r  S k i n  T h i c k n e s s ;  0 . 6 4  mm ( 0 . 0 2 5  i n )  
Minimum P r a c t i c ; ~ l   P a n e l   I n n e r   S k i n   T h i c k n e s s ;   0 . 4 1  mm ( 0 . 0 1 6   i n )  
STRUCTWL CHARACTERISTICS 
P a n e l   S u p p o r t ;   s i m p l e   s u p p o r t   p r o v i d e d   o n   5 0 . 8  cn ( 2 0   i n )   c e n t e r s   i n   p a n e l  
- ~ "_  _" __._ _____ 
l e n g t h  
P a n e l   I n - P l a n s   A x i a l   S t a t i c   L o a d i n g ;   5 1 7 5 . 1  kN/m ( + l o 0 0   1 b f / i n j  l i m i t  l o a d  
P a n e l  Normal P r e s s u r e ;   5 6 . 8 9 5   k P a  (21.0 l b f / i n  ) p r e s s u r e  limit a t  d e s i g n  2 
h e a t   f l u x  
F a c t o r   o f   S a f e t y   f o r  Ultimate S t r e n g t h ;  1 . 5  x limit f o r   m c c l ~ a n i c a l  l o ~ d s  
and 1 . 0  x limit f o r  t h e r m a l  e f f e c t s  
P a n e l  F a t i g u e  ~ o a d i n g  R e q u i r e m e n t s ;  L O O 0 0  C . Y C ~ C S  ( S O 0 0  cyc1C.s  w i L l 1  ;I  s<';lt L ~ ' I -  
f a c t o r   o f   4 . 0 )   w i t h   i n - p l a n e   L o a d i n g  Lrom +175.1  kN/m (-1U00 l b f / i n )  
t o  -175.1 kN/m (-1000 L b f / i n )  
THERj"&L CHARACTERISTICS 
P a n e l  O u t e r  S k i n  Maximum Temperature;   394 K (2jOOF) 
C o o l a n t   P r e s s u r e  a t  P a n e l  ExiL; in excess o f   3 4 5   k P a   ( 5 0   l b f / i n L )   a b s o l u t e  
Coolant ;   E thylene-Glycol /Water   so lu t ion   (60%/40%  by   weight )  
Coolant   Tempera ture  a t  P a n e l  I n l e t ;  283  K (50'F) 
C o o l a n t   D i s t r i b u t i o n   L i n e   P r e s s u r e   D r o p ;   8 9 6   k P a   ( 1 3 0   l b f / i n  ) 
Heat Exchanger   Pressure   Drop;  138 kPa (20  l b f / i n  ) 
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COOLANT  VISCOSITY 
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BASIC  COOLED  PANEL  THERMAL  MODEL 
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(20 f t )  long. (One p i t c h  i s  the   d i s tance   be tween  tube   cen ters . )   The   model   con-  
s ists  of 24 f lu id  nodes  and  161  s t r u c t u r a l  n o d e s ,  t o  e n c o m p a s s  b o t h  l e n g t h w i s e  
and   spanwise   t empera ture   g rad ien ts .  The c o o l a n t  t u b e s  are assumed t o  b e  D-shaped 
and s o l d e r e d  t o  t h e  s k i n .  The  model w a s  programmed t o  e a s i l y  accommodate  varia- 
t i o n s  i n  t u b e  s p a c i n g  a n d  g e o m e t r y ,  s k i n  t h i c k n e s s ,  s u r f a c e  h e a t i n g  rate and 
coo lan t  f l ow.  T h e  honeycomb core  backup material is n o t  s i m u l a t e d  s i n c e  c h e c k  
cases c o n f i r m e d  t h a t  t h i s  s i m p l i f i c a t i o n  i s  a c c e p t a b l e  ' f o r  e s t a b l i s h i n g  c o o l a n t  
f low  requirements .   Only  s teady s t a t e  h e a t  t r a n s f e r  c o n d i t i o n s  w e r e . c o n s i d e r e d .  
It i s  r e a s o n a b l e  t o  e x p e c t  t h a , t  t h e  f l o w  d i s t u r b a n c e s  c a u s i n g  i n t e r f e r e n c e  h e a t i n g  
are n e a r l y  s t a b l e  d u r i n g  c r u i s e .  
C o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  m o s t  c o n f i g u r a t i o n s  were computed 
wi th  conven t iona l  smoo th  p ipe  f low co r re l a t ions  : 
h = C - [ (Re)  (Pr)  TI Laminar  flow, k D 1 / 3  l~ 0.14 L D  
W 
where C = 10.55 (1.86) L 
Turbulent  f low,  h = CT 6 (Re) k 0.8 (Pr )  1 1 3  (A) 0.36 
pW 
where C = 0.1305 (0.023) T 
The Reynolds  number a t  each  f lu id  node  w a s  d e t e r m i n e d  u s i n g  f l u i d  p r o n e r t i e s  
eva lua ted  a t  t h e  l o c a l  b u l k  f l u i d  t e m p e r a t u r e  u n l e s s  s p e c i f i e d  o t h e r w i s e .  A n  
equ iva len t  (hydrau l i c )  d i ame te r  w a s  used when a n a l y z i n g  n o n c i r c u l a r  c o o l a n t  t u b e s .  
For D-shaped tubes  the  hydrau l i c  d i ame te r  w a s  assumed t o  b e  61..1 p e r c e n t  o f  t h e  
e q u i v a l e n t   r o u n d   t u b e   i n s i d e   d i a m e t e r .   ( T h i s   f a c t o r  w a s  d e r i v e d  a t  MCAIR by 
co r re l a t ing   measu remen t s   o f   t ube . samples   shaped   f rom  round   t o  D .) When t h e  
ca l cu la t ed  Reyno lds  number w a s  less than  a s p e c i f i e d  c r i t i c a l  v a l u e ,  t h e  l a m i n a r  
expres s ion  was used.  When the  Reynolds  number w a s  g r e a t e r  t h a n  a n o t h e r  s p e c i f i e d  
c r i t i c a l  v a l u e ,  t h e  t u r b u l e n t  e x p r e s s i o n  w a s  used.  A Reynolds  number  between  the 
c r i t i c a l  v a l u e s  i n d i c a t e s  t r a n s i t i o n a l  f l o w .  T r a n s i t i o n a l  heat t r a n s f e r  c o e f f i c i e n t s  
were d e t e r m i n e d  b y  l o g a r i t h m i c a l l y  i n t e r p o l a t i n g  b e t w e e n  t h e  l a m i n a r  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  d e t e r m i n e d  u s i n g  t h e  l a m i n a r  c r i t i ca l  Reynolds  number,  and the turbulent  
h e a t  t r a n s f e r  c o e f f i c i e n t  d e t e r m i n e d  w i t h  t h e  t u r b u l e n t  c r i t i c a l  R e y n o l d s  n u m b e r .  
For  smooth  tubes ,  the  c r i t i ca l  Reynolds  numbers  used  were 2100 maximum f o r  l a m i n a r  
flow and 10,000 minimum f o r  t u r b u l e n t .  f l o w .  
L ? i I ' .  ' . 
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Coolan t  p re s su re  d rops  (AP) were de te rmined  us ing  the  s t anda rd :p res su re  , 
- .  
d r o p  r e l a t i o n  f o r  s t r a i g h t  s e c t i o n s  f o u n d  i n  R e f e r e n c e -  4': 
. .  
(fL . . 2 
. .  . .  
AP = C (D) (p V ) , where C = 2 x 10. ( 4 . 3 2  x -3 
. I  
The f r i c t i o n  f a c t o r  ( f )  w a s  de te rmined  f rom the  fo l lowing  convent iona l  smooth  
p i p e  r e l a t i o n s h i p s :  
f = - for   l aminar   f low 16  
Re 
f =  0*0791 f o r   t a n s i t i o n a l   f o w  
(Re) 
0.25 
' f =  ' f o r   t u r b u l e n t - f l o w  
(Re 1 0.2 
With t h e  p a n e l  g e o m e t r y  a n d  s u r f a c e  h e a t i n g  rates de f ined ,  t he  the rma l  mode l  
was u s e d  t o  d e t e r m i n e  c o o l a n t  f l o w  r e q u i r e m e n t s  b y  i t e r a t i n g  on t h e  f l o w  u n t i l  
t h e  maximum a l l o w a b l e   s k i n   t e m p e r a t u r e  was obta ined .   Coolant   p ressure   d rop   and  
t e m p e r a t u r e   i n c r e a s e   i n f o r m a t i o n  was ob ta ined   s imul t aneous ly .   S t ruc tu ra l   t empera -  
t u r e  d i s t r i b u t i o n s  o b t a i n e d  w i t h  t h i s  m o d e l  p e r m i t t e d  a p r e l i m i n a r y  s t r u c t u r a l  
eva lua t ion   o f   t he   pane l .   I n  many i n s t a n c e s ,  a more d e t a i l e d  s t r u c t u r a l  a n a l y s i s  
o f   t h e   c o n f i g u r a t i o n s  was warran ted .  A d e t a i l e d   s t r u c t u r a l   t e m p e r a t u r e   m o d e l ,  
i l l u s t r a t e d  i n  F i g u r e  9 ,  was u s e d   t o   p r o v i d e   t h e   n e c e s s a r y   i n f o r m a t i o n .   T h i s  
model   cons is t s   o f   15   s t ruc tura l   t empera ture   nodes   and  two ( i n l e t / o u t l e t )  c o o l a n t  
nodes. As i n d i c a t e d ,   t e m p e r a t u r e s  of b o t h   t h e  honeycomb c o r e   a n d   i n n e r   s k i n  
s t r u c t u r e  are p r o v i d e d   f o r   t h e   d e t a i l e d   s t r u c t u r a l   a n a l y s i s .  The d e t a i l e d  s t r u c -  
t u r a l  t e m p e r a t u r e  m o d e l  r e q u i r e s  , as i n p u t ,  r e s u l t s  f r o m  t h e  c o n v e r g e d  c o n d i t i o n s  
d,eyiye.d .us ing   the   cooled   pane l   thermal   model .  The loca l   coolan t   f low  and   tempera-  
t u r e  are  f o r c e d  t o  known v a l u e s  ( f o r  t h e  s p e c i f i e d  g e o m e t r y  a n d  h e a t i n g  r a t e )  a n d  
t h e   r e s u l t a n t   s t r u c t u r a l   t e m p e r a t u r e   d i s t r i b u t i o n   o b t a i n e d .   T h i s   t w o - d i m e n s i o n a l  
m o d e l  c a n  b e  u s e d  t o  s i m u l a t e  a n y  l o c a t i o n  a l o n g  t h e  p a n e l  l e n g t h .  J u s t i f i c a t i o n  
f o r  t h e  u s e  o f  t h i s  s i m p l e  t w o - d i m e n s i o n a l  a n a l y s i s  r a t h e r  t h a n  a three-dimensional  
a n a l y s i s .  is  p rov ided  in  Sec t ion  3 . 3 .  
J .  
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DETAILED  STRUCTURAL  TEMPERATURE  MODEL 
environment  would vary from regions near  cryogenic  tankage to  regions near  the 
eng ines .  However, a l l  r eg ions   wou ld   be   t he rma l ly   des igned   t o   e l imina te  temper- 
a t u r e  e x t r e m e s  a n d  r e s u l t  i n  an in t e rna l  env i ronmen ta l  t empera tu re  r easonab ly  
c l o s e  t o  t h e  level  a t t a i n e d  b y  t h e  i n n e r  s k i n .  
It w a s  a l s o  n e c e s s a r y  t o  c o n s i d e r  t h e  active c o o l i n g  syst,em (ACS) components. 
Reference 1 showed t h a t  ACS com.ponents  can be  h e a v y  e n o u g h  t o  s i g n i f i c a n t l y  a f f e c t  
a i r c r a f t  p e r f o r m a n c e .  I n  l i g h t  o f  t h o s e  r e s u l t s ,  a c o n c e r t e d ' e f f o r t  w a s  expended 
> . :  ' , t "  
. I  dur ing   the   s tudy   summar ized   in   Reference  2 t o   m i n i m i z e  ACS component3mass.  In 
.:.. t h e   p r e s e n t   s t u d y ,   r e l a t i o n s h i p s   d e v e l o p e d   i n   R e f e r e n c e  2 were u s e d   t o   e s t a b l i s h  "I: 
. I. 
t h e  e f f e c t  of t h e  p a n e l  d e s i g n s  on ACS component mass. 
, 
. .  F i g u r e  10 p r e s e n t s   t h e   r e l a t i o n s h i p s   u s e d   t o  estimate t h e  ACS component mass 
I a t t r i b u t a b l e   t o  a 9.29 m (100 f t  1 panel.   Seven items were i d e n t i f i e d  as ACS 2 .  2 
components: 
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Component Masses e x p r e s s e d  in k g  (S.I. u n i t s )  
I I  II 11 lbm-(cus tomary   un i t s )  . __ 
b - 
Coolant  in P a n e l ;  W = C1 t 
C’P 
I C1 = 4.341 x lo-’ (S.I.) = 3.894  (cus tomary)  
Coo lan t  in D i s t r i b u t i o n   L i n e s ;  W t  = C,(rn) (pavg)  (pavg) 
0.75  0.0833  0.5833 
C’L 
C2 = 0.2554 (S.I.) = 1.622  (cus tomary)  
C o o l a n t  D i s t r i b u t i o n  L i n e s ;  W t L  = (0.238 + C j  - APpanel) W t C , L  
C3 = 1 .814  x (S.1.) = 1 . 2 5 1  x ( cus tomary )  
Heat Exchanger;  WtH-X = C4 (Qpane l )  
C4 = 1.05   x  10   (S . I . )  = 2 . 4 4 1  x lo-’ (cus tomary)  -2 
m- APpum Pumps; W t  
Pumps = ‘5 (’ pavg ’) 
C5 = 0.4414 (S . I . )  = 0.19  (customary)  
Pumping  Power P e n a l t y ;  W t  = C6 
PP f 2 T )  
C6 = 1 .485   (S . I . )  = 0.639  (cus tomary)  
R e s e r v o i r ;  W t R  = 0.06  (WtcSp + W t  + 0 . 4  WtHWX) 
C,L  
CIS tomary 
Symbol D e f i n i t i o n  S . I .  Units Units 
D i  Coo lan t   D- tube   i n s ide   d i ame te r  cm in 
C o o l a n t   t u b e   p i t c h ,   d i s t a n c e   b e t w e e n   t u b e s  c m  in 
m C o o l a n t   f l o w   r a t e l p a n e l   k g l s   l b m l s e c  
u a v g   C o o l a n t   v i s c o s i t y  a t  a v e r a g e   t e m p e r a t u r e   P a - s   l b m l f t   s e c  
pavg   Coo lan t   dens i ty  a t  ave rage   t empera tu re   kg /m3   l b l f t3  
QPpane l   Coo an t   p re s su re   d rop   t h rough   pane l  kPa l b f  / i n 2  
Qpanel Heat a b s o r b e d l p a n e l  kW B t u l s e c  
APpump C o o l a n t   p r e s s u r e  rise a c r o s s  pumps  kPa  lbf / i n 2  
P i  C o o l a n t   d e n s i t y  a t  i n i t i a l   t e m p e r a t u r e  kg/m3  lb lf t 3  
P 
Assumptions  Forming Bases f o r  E x p r e s s i o n s  
C o o l a n t  D i s t r i b u t i o n  L i n e  P r e s s u r e  Drop (APlines) = 8 9 6  k P a ( l 3 0  l b f l i n  ) 
Heat Exchanger  P res su re  Drop (APH-x) = 1 3 8  k P a ( 2 0  l b f / i n 2 )  
P r e s s u r e  Rise Across  Pumps (APpmp) = + APH-x + APpanel 
Pump I n l e t  P r e s s u r e  ( P i n l e t )  = 276   kPa (40   l b f / i n  ) 
Maximum Sys tem Pres su re  (Psys t em)  = APpump + P i n l e t  
Pumping  Power P e n a l t y   F a c t o r  = 0.338 = 2 HP hr 
E f f e c t i v e  F l i g h t  Time = 1.22 h r  
P a n e l  S i z e  - 6.10  m(20 f t )  by  1 .52  m(5ft)  
2 
” l i n e s  
2 
l bm( fue1)  
FIGURE 10 
ACTIVE  COOLING  SYSTEM  COMPONENTS MASS CORRELATIONS 
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r 
C o o l a n t  i n  P a n e l  - T h i s  r e l a t i o n s h i p  s i m p l y  r e f l e c t s  t h e  mass of  coolan t  
r e q u i r e d  t o  i n i t i a l l y  f i l l  t h e  c o o l a n t  t u b e s  a n d  m a n i f o l d s  of  t h e  p a n e l .  
I n  m o s t  i n s t a n c e s  t h e  t u b e  v o l u m e  is  based on D-shaped tubes and a f a c t o r  
of  1.19 is  a p p l i e d  t o  a c c o u n t  f o r  t h e  m a n i f o l d .  A c o o l a n t  d e n s i t y  of 
1.073 Mg/m (67   lbm/f t  ), r e p r e s e n t a t i v e  o f  a t y p i c a l  f i l l  t e m p e r a t u r e  of 
300 K (80°F), w a s  assumed. 
3 3 
- Coolant ". i n   D i s t r i b u t i o n  Lines - T h i s   r e l a t i o n s h i p  w a s  d e r i v e d   b y   c o r r e l a t i n g  
informat ion   f rom  References  1 and  2. The c o o l a n t  d i s t r i b u t i o n  s y s t e m  l a y o u t  
a n d   l i n e   l e n g t h s   c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e   r e l a t i o n s h i p .   A n o t h e r  
p r i m a r y  f a c t o r  was the  a s sumed  ove ra l l  maximum c o o l a n t  d i s t r i b u t i o n  l i n e  
p r e s s u r e   d r o p  (AP l i n e s )  o f  896  kPa  (130 l b f / i n  ). This   assumption was 
shown i n  R e f e r e n c e  2 t o  b e  c o n s i s t e n t  w i t h  t h e  g o a l  o f  m i n i m i z i n g  t h e  ACS 
mass p e n a l t y .  The c o r r e l a t i o n   u s e s   c o o l a n t   p r o p e r t i e s   e v a l u a t e d  a t  t h e  
a v e r a g e  t e m p e r a t u r e  f r o m  p a n e l  i n l e t  t o  o u t l e t .  
" C o o l a n t   D i s t r i b u t i o n   L i n e s  - Data c o r r e l a t i o n s   f r o m   R e f e r e n c e s  1 and 2 a l s o  
p r o v i d e d  t h e  b a s i s  f o r  t h i s  r e l a t i o n s h i p  w h i c h  a c c o u n t s  f o r  t h e  e f f e c t s  o f  
t o t a l  s y s t e m  p r e s s u r e  on c o o l a n t  l i n e  w a l l  th ickness   and   of   coolan t   f low 
on l i n e  s i z e .  The i n d i c a t e d   a s s u m p t i o n s   f o r   d i s t r i b u t i o n   l i n e   a n d   h e a t   e x -  
changer  pressure drops and pump i n l e t  p r e s s u r e  r e s u l t  i n  a t o t a l  s y s t e m  
p r e s s u r e  level  o f  1 .31  MPa (190 l b f / i n  ) p l u s  t h e  p a n e l  p r e s s u r e  d r o p  r e q u i r e -  2 
men t . 
2 
I Heat Exchanger - Heat e x c h a n g e r  t o t a l  mass ( i n c l u d i n g  c o n t a i n e d  c o o l a n t )  was 
assumed t o   v a r y   l i n e a r l y   w i t h   h e a t   l o a d .   T h i s   e x p r e s s i o n  is t h e  same as 
t h a t  u s e d  i n  t h e  R e f e r e n c e  2 s t u d y .  
Pumps - T h i s  r e l a t i o n s h i p  was der ived  f rom da ta  f rom Reference  5 which has 
been  used as t h e  b a s i s  f o r  pump masses in  Refe rences  1 and 2 .  A d u a l  pump 
c o n f i g u r a t i o n  w a s  assumed. 
Pumping ~ Power P e n a l t y  - T h i s  p e n a l t y  w a s  e x p r e s s e d ,  c o n s i s t e n t  w i t h  p r e v i o u s  
s t u d i e s ,  as t h e  e q u i v a l e n t  mass of f u e l  t h a t  w o u l d  b e  r e q u i r e d  t o  power 
t h e  c o o l a n t  pumps. A convers ion   fac tor   o f   0 .338  g/kW.s (2.0 Ibm/HP h r )  was 
used   based   on   ana lyses   conducted   dur ing   the   Reference  2 s t u d y .  The e f f e c t i v e  
f l i g h t  time of  1.22 h r  ( e s t i m a t e d  f o r  t h e  b a s e l i n e  a i r c r a f t )  a l s o  c o n t r i -  
b u t e s  t o  t h i s  r e l a t i o n s h i p .  
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R e s e r v o i r  - T h i s  r e l a t i o n s h i p  was der ived  f rom Reference  2 and  accoun t s  fo r  
t h e  d r y  mass o f  t h e  r e s e r v o i r  as w e l l  as t h e  c o o l a n t  mass. R e s e r v o i r  s i z i n g  
i s  , i n f l u e n c e d  by :the t o t a l  a i rcraf t  coolant load and must accommodate expan- 
s ion  and  cont rac t ion  caused  by  changes  in  coolan t  dens i ty .  
The summation of the seven ACS component masses y i e l d s  a t o t a l  w h i c h ,  when 
added t o  t h e  p a n e l  s t r u c t u r a l  mass, can be  used  to  compare  pane l  des igns .  
3.3 S t r u c t u r a l   A n a l y s i s  
T h i s  s e c t i o n  d e f i n e s  t h e  d e s i g n  l o a d s ,  u l t i m a t e  f a c t o r s  o f  s a f e t y ,  
s t rength  ana lys i s  methods  and  programs,  material p r o p e r t i e s ,  a n d  b a s e s  f o r  
s t r u c t u r a l  mass a n a l y s i s .  
3.3.1 Des ign   Loads   and   Fac tors   o f   Safe ty  - The a p p l i e d   l o a d k ,  shown i n  
F i g u r e  11, i n c l u d e  ,an in -p lane  des ign  l i m i t  column loading of  175 k N / m  (1000 
l b f / i n ) .  TO b e  c o n s i s t e n t  w i t h  c o n d i t i o n s  u s e d  f o r  t h e  d e s i g n  o f  a c t i v e l y  c o o l e d  
p a n e l s  a t  MCAIR i n  p r e v i o u s  s t u d i e s ,  s u c h  as t h e  R e f e r e n c e  2 program,  normal air- 
l o a d s  were inc luded   and  a l l  l o a d s  were c o n s i d e r e d  f u l l y  r e v e r s i b l e .  The normal 
a i r l o a d  on t h e  u n i f o r m l y  h e a t e d  p o r t i o n  o f  t h e  u a n e l  was a p r e s s u r e  d i f f e r e n t i a l  
of 6.9 kPa (1.0 l b f / i n  ) limit. P e a k   e x t e r n a l   n o r m a l   p r e s s u r e s   i n  f l o w  i n t e r -  
f e r e n c e  r e g i o n s  were e s t i m a t e d  u s i n g  t h e  e x p r e s s i o n :  
2 
0.85 
? d i s t u r b e d  
’undisturbed ‘uniform 
T h i s  e x p r e s s i o n  r e l a t e s  c o n d i t i o n s  i n  t h e  d i s t u r b e d  f l o w ,  p e a k  h e a t i n g ,  r e g i o n  
w i t h  t h o s e  i n  t h e  a d j a c e n t  u n d i s t u r b e d  f l o w ,  u n i f o r m  h e a t i n g ,  r e g i o n  a n d  i s  
a common e x p r e s s i o n  f o r  d e f i n i n g  p r e s s u r e s  i n  r e g i o n s  of i n t e r f e r e n c e  h e a t i n g .  
I ts  a p p l i c a t i o n  i n  t h i s  s t u d y  r e s u l t e d  i n  t h e  p r e s s u r e  d i f f e r e n t i a l s  shown 
i n  F i g u r e  11. 
The p a n e l s  were des igned  to  wi ths t and  any  combina t ion  o f  l i m i t  loads  and  
t empera tu re  cond i t ions  wi thou t  y i e ld ing  and  to  wi ths t and  any  combina t ion  o f  
u l t i m a t e   l o a d s   a n d   t e m p e r a t u r e   c o n d i t i o n s   w i t h o u t   f a i l u r e .  The f a c t o r s   o f  
s a f e t y  shown i n  F i g u r e  1 2  were c o n s i s t e n t  w i t h  t h o s e  u s e d  i n  R e f e r e n c e  2 
and were based on the recommendations of Reference 6 .  
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(i 1000 Ibf/in.) 
f 175 kN/m 
Intermediate Frames 
I Pressure I 
I Condition Design GkPa (Ibf/in.2) kPa (lbf/in.2) 
1 
2 
19.9 (2.89) 6.9 (1.0) 
34.2 (4.96) 6.9 (1.0) 3 
65.2 (9.46) 6.9 (1.0) 
FIGURE 11 
DESIGN LIMIT LOADS 
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(1) B u r s t  p r e s s u r e  ( a c t i n g  a l o n e )  f a c t o r  o f  s a f e t y  f o r  c o o l a n t  
p a s s a g e s ,   m a n i f o l d s   a n d   f i t t i n g s  i s  4 . 0 .  
FIGURE 12 
FACTORS  OF  SAFETY 
3.3.2 S t rength   Analys is   Methods  - The s t r u c t u r a l  a n a l y s i s  a n d  o p t i m i -  
z a t i o n  o f  t h e  honeycomb pane l s  made use   o f   th ree   computer   p rograms:  A thermal  
s t r e s s  p r o g r a m ,  KBEB, (Thermal Stresses i n  a Beam Cross   Sec t ion ) ,  a mechanical  
stress program, ACPOP (Actively  Cooled  Panel  Optimization  Program)  and a 
f i n i t e  e l e m e n t  program,CASD  (Computer  Aided S t r u c t u r a l  D e s i g n )  w h i c h  com- 
putes  the$mal  and  mechanical stresses. KBEB and ACPOP were used   t o   ana lyze  
t h e  p a n e l s  w i t h  two d imens iona l   hea t ing .  A l l  t h r ee   p rog rams  were u s e d  t o  
a n a l y z e  t h e  p a n e l s  w i t h  t h r e e  d i m e n s i o n a l  h e a t i n g .  
The KBEB program computes  the thermal  stresses i n  beams w i t h  symmetrical 
o r  u n s y m m e t r i c a l  c r o s s  s e c t i o n s  f o r  a n y  c o m b i n a t i o n  o f  e n d  r e s t r a i n t s ,  w i t h  
up t o  f i v e  d i f f e r e n t  mater ia ls ,  a n d  w i t h  t e m p e r a t u r e  g r a d i e n t s  a c r o s s  t h e  
wid th   o f   t he  beam. It i s  based on the  methods  and  equat ions of References  7 
and 8. The r e q u i r e d   i n p u t s   a r e   t h e   c o o r d i n a t e s ,   a r e a  and moment o f   i n e r t i a  
of each  element of t h e  beam c r o s s  s e c t i o n ,  r o t a t i o n a l  and a x i a l  f i x i t y  o f  
t h e  beam e n d s ,  c o e f f i c i e n t  of thermal  expans ion  and modulus  of e l a s t i c i t y  
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of each material a t  several a r b i t r a r i l y  c h o s e n  t e m p e r a t u r e s  o v e r  t h e  r a n g e  t o  
be   cons ide red ,   and   t he   t empera tu re   o f   each   e l emen t .  The t e m p e r a t u r e s   f o r  
each element were obtained from thermodynamic analysis using the model 
d e s c r i b e d  i n  F i g u r e  9. The  p rogram ou tpu t s  i nc lude  the  coe f f i c i en t  o f  t he rma l  
expans ion  and  modu lus  o f  e l a s t i c i ty  fo r  each  e l emen t  a t  i t s  temperature and 
t h e  e f f e c t i v e  area, a x i a l  t h e r m a l  stress and l o a d   f o r   e a c h   e l e m e n t .  Edge 
r e s t r a i n t s  were determined by c o n s i d e r i n g  t h e  a d j a c e n t  p a n e l s .  B e c a u s e  t h e  
a d j a c e n t  p a n e l s  w e r e  hea t ed  t o  tempera tures  similar t o  t h o s e  f o r  t h e  
s u b j e c t  p a n e l ,  t h e  e n t i r e  s t r u c t u r e  w a s  assumed t o  b e  f r e e  t o  e x p a n d  t h e r -  
mally..  The panels  have  bending  cont inui ty  both  a t  the  suppor t  f rames  and  a t  
t h e   s p l i c e s   t o   a d j a c e n t   p a n e l s .   T h e r e f o r e ,   t h e   p a n e l   e d g e s  were cons idered  
to b e  f r e e  a x i a l l y  a n d  f i x e d  r o t a t i o n a l l y .  
The ACPOP mechanical  stress program, developed a t  MCAIR, i s  d e s c r i b e d  i n  
Reference 9 .  It a n a l y z e s  a n d  s i z e s  honeycomb p a n e l s  w i t h  o r  w i t h o u t  i n t e g r a l  
D-tubes for  any combinat ion of  in-plane and normal  loads with any of several 
e d g e   r e s t r a i n t s .  It ana lyzes  them f o r   t h e   f o l l o w i n g   f a i l u r e  modes  from 
Reference 10 : 
Face Sheet   Wrinkl ing:  ,- 
EcE ' ts 
F =  
1. + . 6 4  (3) 
Face  Sheet  Dimpling: 
. d 2E.' 
Panel  Buckl ing:  
I T D  2 
b2 Ncr 
= K -  
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Beam Column E f f e c t s  : 
LL 
I n p u t s  t o  t h e  ACPOP program are t h e  p a n e l  l e n g t h  a n d  w i d t h ;  t h e  c r o s s - s e c t i o n a l  
area a n d  b e n d i n g  s t i f f n e s s  of t h e  p a n e l  e d g e  s u p p o r t s ;  t h e  e d g e  r e s t r a i n t ;  i n -  
p l ane  and  no rma l  app l i ed  loads ;  a l lowab le  work ing  stresses o f  t h e  i n n e r  a n d  
o u t e r  f a c e  s h e e t s  a n d  of t h e  D - t u b e  a n d  c o r e ;  m o d u l i  o f  e l a s t i c i t y  a s s o c i a t e d  
w i t h  t h e  a l l o w a b l e  w o r k i n g  stresses; d e n s i t y  of t h e  c o r e ;  d e n s i t i e s  o f  t h e  D- 
t u b e  a n d  f a c e  s h e e t  materials; the  D- tube  d i ame te r ,  t h i ckness  and  p i t ch ;  and  
t h e   o u t e r   a n d   i n n e r   f a c e   s h e e t   ( s k i n )   t h i c k n e s s e s .   F o r   e a c h   i n s i d e  face s h e e t  
t h i c k n e s s  i n p u t  t h e  p r o g r a m  i t e r a t e s  on p a n e l  h e i g h t  u n t i l  a l l  f a i l u r e  mode 
cr i ter ia  are s a t i s f i e d .   P r o g r a m   o u t p u t   i n c l u d e s   p a n e l   h e i g h t ,   u n i t  mass 
( s t r u c t u r a l  mass p e r  u n i t  a r e a ) ,  a p p l i e d  a n d  a l l o w a b l e  stress levels  and mar- 
g i n s  o f  s a f e t y .  The u n i t  masses f o r  several i n n e r  f a c e  s h e e t  t h i c k n e s s  were 
c o m p a r e d  a n d  t h e  t h i c k n e s s  r e s u l t i n g  i n  t h e  minimum mass w a s  s e l e c t e d .  An 
example of  this  comparison i s  shown i n  F i g u r e  13, a p l o t  o f  p a n e l  u n i t  mass 
v e r s u s  t h e  h e i g h t s  t h a t  r e s u l t e d  f r o m  i n p u t t i n g  v a r i o u s  i n n e r  f a c e  s h e e t  t h i c k -  
n e s s e s  f o r  some t y p i c a l   c a s e s .  The edge res t ra in ts  were se l ec t ed   by   cons id -  
e r a t i o n   o f   a d j a c e n t   p a n e l s .   B e c a u s e   t h e   l o n g   e d g e s   o f   t h e   p a n e l  were a t -  
t ached  to  s imi l a r  pane l s  wh ich  wou ld  have  s imi l a r  l oad ing  and  wou ld ,  t he re fo re ,  
n o t  o f f e r  any   suppor t ,   these   edges  were assumed t o  b e  f r e e .  S i n c e  t h e  p a n e l  
had  bending  cont inui ty  a t  the  ends  and  a t  t h e  i n t e r m e d i a t e  s u p p o r t s ,  it 
a c t e d  as a cont inuous  beam column on m u l t i p l e  s u p p o r t s .  F o r  a uniformly 
d i s t r i b u t e d  l o a d ,  a uni form,cont inuous  beam h a s  z e r o  s l o p e  a t  t h e  s u p p o r t s  
and  each  span  can  be  analyzed as a f i x e d  end beam. T h e r e f o r e ,  t h e  s p a n s  n o t  
exposed t o  t h e  e f f e c t s  o f  i n t e r f e r e n c e  h e a t i n g  were analyzed as i f  t h e y  were 
f i x e d   i n   b e n d i n g  a t  both  ends.  However, l o c a l l y   h i g h   p r e s s u r e s  are assoc-  
i a t e d   w i t h   r e g i o n s   e x p e r i e n c i n g   i n t e r f e r e n c e   h e a t i n g .   T h i s   i n c r e a s e d   l o a d  
wou ld  no t  be  un i fo rmly  d i s t r ibu ted  and  wou ld  be  mos t  c r i t i ca l  when c e n t e r e d  
a t  the  midspan  of  a s i n g l e  s p a n  o f  t h e  p a n e l .  The span  thus  loaded  would 
n o t  h a v e  z e r o  s l o p e  a t  the  ends  bu t  wou ld  have  ro t a t ion  approach ing  tha t  o f  
a s imply   suppor ted  beam. T h e r e f o r e ,   t h e   p a n e l   r e g i o n s   e x p o s e d   t o   i n t e r -  
f e r e n c e  h e a t i n g  were c o n s e r v a t i v e l y  a n a l y z e d  a s  h a v i n g  n o  f i x i t y  ( r o t a t i o n a l  











Note:   Panel  unit  mass inc ludes  only t h e  
f a c e   s h e e t s   ( s k i n s ) ,   t u b e s ,  and 
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FIGURE 13 
TYPICAL PANEL UNIT  MASS  TRENDS 
in) 
I n  o r d e r  t o  d e t e r m i n e  t h e  p a n e l  g e o m e t r y  t h a t  r e s u l t e d  i n  t h e  minimum 
p a n e l  mass w h i l e  m a i n t a i n i n g  a p o s i t i v e  m a r g i n  o f  s a f e t y ,  i t  w a s  n e c e s s a r y  t o  
i terate  be tween  the  ACPOP and KBEB programs. The p a n e l s  were f i r s t  s i z e d  f o r  
mechanical  stresses a lone  by  the  use  o f  ACPOP. Thermal stresses were t h e n  
c a l c u l a t e d  f o r  t h e  r e s u l t i n g  c o n f i g u r a t i o n  u s i n g  KBEB. The  thermal stresses 
were supe r imposed  a lgeb ra i ca l ly  wi th  the  mechan ica l  stresses and,  i f  a n e g a t i v e  
m a r g i n  o f  s a f e t y  r e s u l t e d ,  t h e  a l l o w a b l e  stress i n p u t  f o r  t h e  c r i t i c a l  e l e m e n t  
w a s  reduced  and  the  procedure  was r e p e a t e d  u n t i l  a pos i t i ve  marg in  o f  s a fe ty  
w a s  o b t a i n e d .  Where thermal   and  mechanical  stresses were r e l i e v i n g ,   t h e  smaller 
o f   t h e  two was neg lec t ed .   A lgebra i c   supe rpos i t i on   o f   mechan ica l   and   t he rma l  
stresses w a s  j u s t i f i e d  b e c a u s e  t h e  a l l o w a b l e  stresses f o r  f a t i g u e  a n d  b u c k l i n g  
were a l w a y s   w i t h i n   t h e  e l a s t i c  range .   This   p rocedure  was u s e d  t o  s i z e  t h e  p a n e l  
fo r  bo th  the  un i fo rmly  hea ted  r eg ion  and  the  r eg ion  exposed  to  in t e rze rence  
h e a t i n g .  
The CASD program was u s e d  i n  t h e  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n  
a n a l y s i s  t o  d e t e r m i n e  a d d i t i o n a l  t h e r m a l  stresses a n d  e x t e r n a l  r e a c t i o n s  c a u s e d  
by  the  unsymmet r i ca l  hea t ing  pa t t e rns  and  the  d i f f e ren t  hea t ing  pa t t e rns  in  ad -  
j a c e n t   p a n e l s .   T h i s   p r o g r a m   a n a l y z e s   s t r u c t u r e s   c o n s i s t i n g  or' ba r   and   shea r  
pane l   e l emen t s   fo r   mechan ica l   and   t he rma l   l oads .  It u s e s  a combina t ion   of   the  
e q u a t i o n s  f o r  t h e  e q u i l i b r i u m  o f  f o r c e s  a n d  t h o s e  f o r  t h e  c o m p a t i b i l i t y  of  
d e f o r m a t i o n .   S p e c i a l   f e a t u r e s   o f   t h e   p r o g r a m   i n c l u d e   t h e   a b i l i t y   t o   p r e s e n t  a 
c o m p l e t e  s t r u c t u r e  by d e s c r i b i n g  o n l y  o n e  h a l f  o f  a symmet r i ca l  o r  nea r ly  sym- 
metrical  s t r u c t u r e .  I n p u t s  t o  t h e  CASD p r o g r a m   a r e   t h e   s t r u c t u r a l   g e o m e t r y ;  
t h e  area, modulus  of e l a s t i c i t y  and  coe f f i c i en t  o f  t he rma l  expans ion  o f  each  
b a r ;  t h e  t h i c k n e s s  a n d  m o d u l u s  o f  r i g i d i t y  o f  e a c h  s h e a r  p a n e l ;  t h e  t e m p e r a t u r e  
a t  e a c h   n o d e ,   t h e   a p p l i e d   l o a d s ;   a n d   t h e   r e s t r a i n t s   a t   e a c h   r e a c t i o n .   P r o z r a m  
o u t p u t  o p t i o n s  i n c l u d e  i n t e r n a l  l o a d s  a n d  stresses, e x t e r n a l  r e a c t i o n s ,  a n d  
d e f l e c t i o n s .  
3 . 3 . 3  Material P r o p e r t i e s  - The b a s i c   s t r e n g t h   d a t a   ( c o m p r e s s i o n ,   c o e f -  
f i c i e n t  o f  t h e r m a l  e x p a n s i o n ,  a n d  m o d u l u s  o f  e l a s t i c i t y )  u s e d  f o r  t h e  2024-T81 
s k i n s  a n d  f o r  t h e  6061-T6 aluminum coolant  passages were obta ined  f rom Reference  
11. The material p r o p e r t i e s  u s e d  were based on 10,000 h o u r  e x p o s u r e  a t  e l e v a t e d  
tempera ture .  The compress ive   y i e ld  stress ( e l a s t i c   l i m i t )   o f   t h e  2024-T81  was 
c a l c u l a t e d  t o  b e  351.9 MPa (51,000 l b f / i n 2 ) .  
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Allowable  tens ion  stress levels f o r  t h e  s k i n s  a n d  c o o l a n t  p a s s a g e s  were 
developed   such   tha t  a " s a f e  l i f e "  d e s i g n  c o u l d  b e  a c h i e v e d .  T h i s  i n v o l v e d  
e s t a b l i s h i n g  o p e r a t i n g  stress levels f o r  t h e  s k i n s  s u c h  t h a t  a n  i n i t i a l  f l a w  
i n  t h e  s k i n s  would n o t  grow t o  a c r i t i c a l  l e n g t h  w h i c h  w o u l d  r e s u l t  i n  catas- 
t r o p h i c  f a i l u r e  w i t h i n  t h e  l i f e  o f  t h e  p a n e l  ( d e f i n e d  as 20 ,000  cyc les  of 
mechanica l   and   thermal   loads   inc luding  a s c a t t e r - f a c t o r  o f  4 ) .  It a l s o  re- 
qu i r ed  the  e s t ab l i shmen t  o f  ope ra t ing  stress levels i n  t h e  t u b e s  s u c h  t h a t  
a n  i n i t i a l  s u r f a c e  f l a w  w o u l d  n o t  p r o p a g a t e  t h r o u g h  t h e  t u b e  w a l l  w i t h i n  t h e  
l i f e  o f  t he  pane l .  
T h e  a l l o w a b l e  f o r  t h e  2024-T81 s k i n  material  w a s  deve loped  by  address ing  
c racks   p ropaga t ing   f rom  one   s ide   o f  a f a s t e n e r  h o l e .  The i n i t i a l  f l a w  s i z e s  
used when e s t a b l i s h i n g  t h e  a l l o w a b l e  o p e r a t i n g  stress levels f o r  t h e  s k i n s  
were based on t h e  r e s u l t s  of Reference 1 2 ,  a d d r e s s i n g  p r o b a b l e  f l a w  s i z e s  i n  
f a s t e n e r  h o l e s .  . I t  was de t e rmined ,  a s  shown i n  F i g u r e  1 4 ,  t h a t  g i v e n  a stress 
r a t i o  of minus  one (R = -1) a n d  a n  i n i t i a l  f l a w  s i z e  of 0.013 c m  ( .005 i n ) ,  
a f law wou ld  no t  grow t o  t h e  c r i t i c a l  l e n g t h  w i t h i n  t h e  20,000 c y c l e  l i f e  
p rov ided  the  maximum o p e r a t i n g  stress l e v e l  was less than  106.9 MPa (15500 
l b f / i n  ) . 2 
The a l l o w a b l e  o p e r a t i n g  stress l e v e l  i n  t h e  D-tubes w a s  determined by 
a d d r e s s i n g  s u r f a c e  f l a w s  a t  t h e  p o i n t  o f  maximum stress i n  t h e  t u b e .  Tube 
s u r f a c e  f l a w  s i z e s  were e s t a b l i s h e d  as those which could reasonably be de- 
t e c t e d   u s i n g   c o n v e n t i o n a l  NDE (nondes t ruc t ive   eva lua t ion )   me thods .  The analy-  
s i s  i n d i c a t e d ,  as shown i n   F i g u r e  1 4 ,  t h a t   a n  i n i t i a l   f l a w   . 0 3 3  c m  (.013 L 
i n )   l o n g  and .@13 cm (.005 i n )   deep  w i l l  n o t  grow th rough   t he   t h i ckness   o f  
t h e  . 0 7 1  cm (.028 i n )  w a l l  t u b e  w i t h i n  t h e  l i f e  o f  t h e  p a n e l ,  p r o v i d e d  t h e  
o p e r a t i n g  stress l e v e l  i s  less t h a n  158.6 MPa ( 2 3 , 0 0 0  l b f / i n  ). 2 
The a l l o w a b l e  u l t i m a t e  t e n s i o n  stresses are t h e  p e r m i s s a b l e  O p e r a t i n g  
stresses times an u l t i m a t e  f a c t o r  o f  1 .5 .  These are 160.3 MPa (23 ,250   l b f / i nL)  
f o r  t h e  2024-TS1 skin  and  237.9 PPa (34 ,500 l b f / i n  ) f o r  t h e  6061-T6 D-tubes. 2 
' 3 . 3 . 4  S t r u c t u r a l  Mass A n a l y s i s  - T h e  p a n e l  s t r u c t u r a l  mass w a s  c a l c u l a t e d  
f o r  e a c h  c o n f i g u r a t i o n  a n d  l o a d i n g  c o n d i t i o n .  The t o t a l  s t r u c t u r a l  mass w a s  
t h e  sum o f  t h e  mass o f  t h e  honeycomb  sandwich s t r u c t u r e  ( s k i n s ,  t u b e s  a n d  
honeycomb co re )  and  the  mass of t h e  m a n i f o l d s  a n d  j o i n t  materials. 
The mass o f  t he  hon.eycomb s a n d w i c h  s t r u c t u r e  w a s  de t e rmined  f rom the  un i t  
s t r u c t u r a l  m a s s  (mass p e r  u n i t  a r e a )  o u t p u t  o f  t h e  ACPOP computer  program  ex- 
p l a i n e d  i n  S e c t i o n  3.3.2.  The u n i t  masses f o r  t h e  i n t e r f e r e n c e  h e a t i n g  p o r t i o n  
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FIGURE 14 
ALUMINUM  CRACK  PROPAGATION  RATES 
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To m a i n t a i n  s t r u c t u r a l  c o n t i n u i t y ,  a n d  a v o i d  u n n e c e s s a r y  f a b r i c a t i o n  
d i f f i c u l t i e s ,  it w a s  d e s i r a b l e  f o r  t h e  p a n e l  h e i g h t  t o  b e  t h e  same i n  b o t h  
t h e  u n i f o r m l y  a n d  i n t e r f e r e n c e  h e a t e d  r e g i o n s .  T h i s  was accomplished  by 
d e t e r m i n i n g  t h e  u n i t  mass f o r  e a c h  o f  several p a n e l  h e i g h t s  a n d  s e l e c t i n g  t h e  
h e i g h t  t h a t  r e s u l t e d  i n  t h e  minimum t o t a l  s t r u c t u r a l  mass. 
The mass o f  t h e  m a n i f o l d s  a n d  j o i n t  materials was based  on  previous  MCAIR 
d e s i g n s .  Details o f   t hese  items are i l l u s t r a t e d  i n  F i g u r e  4 .  F i g u r e  1 5  pre- 
s e n t s  t h e  mass of  each item a n d '  t h e  t o t a l  m a n i f o l d  a n d  j o i n t  material mass 
f o r  a t y p i c a l  p a n e l  o f  2.87 c m  (1 .13  in )  he igh t  w i th  man i fo lds  a t  t h e  two ends. 
T h e s e  d e t a i l s  a n d  masses had to  be  mod i f i ed  to  be  compa t ib l e  wi th  some o f  t h e  
c o n f i g u r a t i o n s   s t u d i e d   h e r e i n .  Where t h i s  was done ,   t he  mass of  each i t e m  
a f f e c t e d  w a s  r a t i o e d   o n   t h e   b a s i s   o f   r e q u i r e d   s i z e   o r   q u a n t i t y   c h a n g e s .   T h i s  
is e x p l a i n e d ,  w h e r e  r e q u i r e d ,  i n  t h e  d i s c u s s i o n s  o f  t h e  s t u d i e d  c o n c e p t s .  
The mass o f  t h e  c l o s u r e  a n g l e s ,  m a n i f o l d s ,  b u s h i n g s  a n d  f a s t e n e r s  w i l l  change 
s l i g h t l y  f o r  d i f f e r e n t  p a n e l  h e i g h t s ,  b u t  t h e  t o t a l  m a s s  c h a n g e  w i l l  be  small 
and  has  been  neglec ted .  
Component 
Closure Angles 
Manifolds and Bellmouth 
S p l i c e  P l a t e s  
Adhesives 
Connectors 
BushingsIFas teners  
T o t a l  ' 
FIGURE 15 
BASIC  MASS  OF  PANEL  MANIFOLDS  AND  JOINT  MATERIALS 
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3 . 4  B a s e l i n e   P a n e l   S i z i n g  
I n  o r d e r  t o  assess t h e  e f f e c t s  o f  d e s i g n i n g  c o o l e d  p a n e l s  t o  accommodate 
i n t e r f e r e n c e  h e a t i n g ,  i t  is n e c e s s a r y  t o  know t h e  mass cha rged  to  coo led  
p a n e l s   d e s i g n e d   f o r   u n i f o r m   h e a t i n g  rates. Two c o o l e d   p a n e l   c o n f i g u r a t i o n s  
were, t h e r e f o r e ,  s i z e d  f o r  u n i f o r m  h e a t i n g  rates of  22.7 kW/m (2  Btu/sec f t  ) 2 2 
and  56.7 kW/m (5 Btu /sec  f t  ), which are t h e  u n i f o r m  h e a t i n g  rates t h a t  were 
used i n  s u b s e q u e n t  a n a l y s e s  o f  t h e  s p e c i f i c  i n t e r f e r e n c e  h e a t i n g  p a t t e r n  d e s i g n  
c o n d i t i o n s .  T h e s e  h e a t i n g  rates are t y p i c a l  o f  t h e s e  e n c o u n t e r e d  a t  Mach 6 
c r u i s e .  
2 2 
The p r i m a r y  o b j e c t i v e  o f  t h e s e  b a s e l i n e  p a n e l  s i z i n g  s t u d i e s  was t o  e s t a b -  
l i s h  t h e  minimum mass levels a s s o c i a t e d  w i t h  t h e  d e s i g n  h e a t i n g  ra tes .  Thermo- 
dynamic  and s t r u c t u r a l  a n a l y s e s  were conduc ted  to  de t e rmine  the  masses of 
p a n e l s  w i t h  v a r i a t i o n s  i n  t h e  p a n e l  g e o m e t r i c  p a r a m e t e r s  o f  t u b e  p i t c h ,  t u b e  
d i a m e t e r ,   a n d   o u t e r   s k i n   t h i c k n e s s .  The minimum v a l u e s   c o n s i d e r e d   f o r   t h e s e  
parameters  were e s t a b l i s h e d  b y  t h e  g u i d e l i n e s  d i s c u s s e d  i n  S e c t i o n  3 . 1 .  F i g u r e s  
16  a n d ' l 7  p r o v i d e  p e r t i n e n t  i n f o r m a t i o n  on each  o f  t he  pane l s  ana lyzed  fo r  t he  
two u n i f o r m  h e a t i n g  rates.  These  da t a  are f o r  t h e  c o o l a n t  f l o w  r e q u i r e d  t o  
m a i n t a i n  a 394 K (250OF) maximum.structura1  temperature .  The t o t a l  mass pre-  
s e n t e d  i s  the  summat ion  o f  t he  s t ruc tu ra l  and  ACS component masses charged  to  
a g iven  pane l  des ign .  
F i g u r e s  18 and  19 p r o v i d e  t h e  i n d i v i d u a l  ACS component masses c a l c u l a t e d  
f o r  t h e s e  p a n e l  g e o m e t r i e s .  The  394 K (250°F) maximum s t r u c t u r a l  t e m p e r a t u r e  
c a n  b e  m a i n t a i n e d  o v e r  t h e  e n t i r e  r a n g e  o f  p a r a m e t e r s  c o n s i d e r e d  f o r  t h e  4 = 
22.7 kW/m (2   Btu /sec  f t  ) condi t ion.   However ,   for   tube  pi tches   above  3 .81 c m  
( 1 . 5  i n )  a n d  f o r  t h i n  p a n e l  o u t e r  s k i n s  a t  a p i t ch  o f  3 .81  cm (1.5 i n ) ,  h e a t  
cannot  be  removed  from the  pane l  f a s t  enough  to  keep  f rom exceed ing  th i s  pe r -  
m i s s i b l e  maximum t e m p e r a t u r e  f o r  t h e  4 = 56.7 kW/m (5 Btu /sec  f t  ) c o n d i t i o n .  
A t  t h e  l o w e r  d e s i g n  h e a t i n g  r a t e  t h e  ACS component masses are shown t o  b e  
r e l a t i v e l y  i n s e n s i t i v e  t o  t u b e  p i t c h  o v e r  t h e  r a n g e  o f  2 . 5 4  t o  3 . 8 1  c m  (1 .0  t o  
1 . 5  i n ) .  A t  t h e  m o r e  s e v e r e  h e a t i n g  c o n d i t i o n  ACS component  masses i n c r e a s e  
s h a r p l y  w i t h  i n c r e a s i n g  t u b e  p i t c h .  
2 2 
2 2 
To u n d e r s t a n d  t h e  o v e r a l l  s i g n i f i c a n c e  o f  p a n e l  g e o m e t r y  v a r i a t i o n s ,  t h e  
t o t a l  mass c h a r g e d   t o  a panel   (F igures   16   and  1 7 )  must  be  examined.  For  the 
lower  hea t ing  r a t e  s i g n i f i c a n t  mass p e n a l t i e s  are encountered only a t  p i t c h e s  
i n  e x c e s s  o f  3 . 8 1  cm ( 1 . 5  i n )  o r  w i t h  t u b e  d i a m e t e r s  g r e a t e r  t h a n  0 . 6 4  c m  
( 1 / 4  i n ) .  I n  g e n e r a l ,  mass i s  min imized   w i th   t he   t h in   ou te r   sk in   conf igu ra -  
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Tube 
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cm ( i n )  
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I 
1 
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( i n )  
0.64 ( .025) 
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1 .27  (. 050) 
0 .64  (. 025) 
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1.02 (. 040) 
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1.02 (. 040) 
1 .27  ( .050) 
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1 .27  ( .050) 
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Coolant  
Flow/Tube 
g / s  ( lbm/hr )  
53.6  (425) 
40.6  (322) 
37.8  (300) 
56.7  (450) 
43.5  (345)
40.4  (320) 
80.7  (640)  
67.5  (535)  
62.8  (498)
72.5  (575)  
60.5  (480)  
134.3  (1065)  
72.5  (575) 
61.2  (485) 
145 .O (1150) 
95.2  (755) 
88 .3   (700)
156.4  (1240)  
105.3  (835) 
163.91  ( 300)  
132.4  (1050)  
P a n e l  
AP n 
kPa ( l b f / i n L )  
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1460  (212) 
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48  (7) 
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103 (15) 
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l- 
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; t r u c t u r a l  
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94  (207) 
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95  (209)  
97  (214) 
94  (207) 
96  (211) 
98  (217) 
94  (208) 
98  (216) 
102 (225) 
95  (209) 
98  (215) 
97 (213) 
100 (221) 
9: Se lec - t ed  
FIGURE 1 7  
BASELINE PANELS DESIGNED FOR UNIFORM  HEATING OF 







44 (97)  
54 (119) 
44 (97) 
42 (92)  
76 (167) 
68  (151) 
66  (145) 
9 1  (201) 
68  (149) 
114  (252) 





1 2 1  (266) 
7 1  (156) 
8 8  (193) 
75 (165) 




143  (315) 
142 (313) 
148  (326) 
140  (309) 
142 (312) 
1 7 1  (377) 
169 (372) 
1 7 1  (377) 
186  (410) 
165  (363) 
208 (459) 
152  (335) 
147 (324) 
186  (410) 
168  (370) 
169 (372) 
215 (475) 
168  (371) 
184  (406) 
175 (386) 
' W  
w 






























in P a n e l  






6 .9   (15 .3 )  
I 
1 8 . 8   ( 4 1 . 5 )  
2 * 5 ~  ( 5 . 6 )  
5 . 6   ( 1 2 . 3 )  
1 5 . 1   ( 3 3 . 2 )  
2 . 1   ( 4 . 7 )  
4 .6   (10 .2 )  
1 . 6   ( 3 . 5 )  
I 
I 
3.5   (7 .7 )  
* S e l c c t e d  
Coolant  i n  
D i s t r i b u t i o n  
Lines  
kg (lbm) 
8.1 ( 1 7 . 8 )  
7 . 5  ( 1 6 . 6 )  
7 .2  ( 1 5 . 8 )  
1 0 . 0  (22 . O )  
9 .2  ( 2 0 . 3 )  
9 .0  ( 1 9 . 8 )  
12 .4  ( 2 7 . 4 )  
11.7 ( 2 5 . 8 )  
11 .4  ( 2 5 . 2 )  
8 . 8  ( 1 9 . 4 )  
7 .8  ( 1 7 . 1 )  
7 .5 ( 1 6 . 5 )  
10.7 ( 2 3 . 5 )  
9 . 4  ( 2 0 . 8 )  
9 .0  ( 1 9 . 9 )  
15 .9  ( 3 5 . 1 )  
1 4 . 1  ( 3 1 . 0 )  
13.7 ( 3 0 . 1 )  
10.9 ( 2 4 . 1 )  
8 .5 ( 1 8 . 7 )  
8 .0  ( 1 7 . 6 )  
12.7 ( 2 8 . 0 )  
10.0 ( 2 2 . 0 )  
9.3 ( 2 0 . 6 )  
1 1 . 9  ( 2 6 . 3 )  
10.2 ( 2 2 . 5 )  
13.2 (29 .2 )  
11 .3  (25 . O )  
Coolant  
D i s t r i b u t i o n  
Lines  
kg (lbm) 
2 .3  ( 5 . 0 )  
2 . 1  ( 4 . 6 )  
2 .0  ( 4 . 3 )  
2 .5 ( 5 . 5 )  
2 . 3  ( 5 . 0 )  
2 .2 ( 4 . 9 )  
3 .0 ( 6 . 6 )  
2 .8  ( 6 . 2 )  
2.7 ( 6 . 0 )  
2 . 8  ( 6 . 1 )  
2 .3  ( 5 . 0 )  
2 .2  ( 4 . 8 )  
2 .7  ( 6 . 0 )  
2.4 ( 5 . 3 )  
2 . 3  ( 5 . 0 )  
3 . 9  ( 8 . 5 )  
3 .4  ( 7 . 5 )  
3 . 3  ( 7 . 3 )  
4.4 ( 9 . 8 )  
2.9 ( 6 . 3 )  
2 . 6  ( 5 . 7 )  
3.5 ( 7 . 7 )  
2 .6 ( 5 . 7 )  
2 . 4  ( 5 . 3 )  
7 . 3  ( 1 6 . 0 )  
5 . 0  (11.0) 
4 . 1  ( 9 . 0 )  










0 . 4  ( 0 . 9 )  
0 . 4  ( 0 . 9 )  
0 .5  (1.1) 
0 . 5  ( 1 . 0 )  
0 . 5  (1.0) 
0 . 6  ( 1 . 4 )  
0 .6  ( 1 . 3 )  
0 .6  ( 1 . 3 )  
0 .6  ( 1 . 3 )  
0 .5 (1 .0)  
0 . 5  (1.0) 
0 . 6  ( 1 . 3 )  
0 . 5  (1.1) 
0 . 5  (1.0) 
0.9 ( 1 . 9 )  
0 .7  ( 1 . 6 )  
0.7 ( 1 . 6 )  
1.0 ( 2 . 2 )  
0 .6  ( 1 . 3 )  
0 .5  ( 1 . 2 )  
0 . 8  ( 1 . 7 )  
0 .5 ( 1 . 2 )  
0 .5  (1.1) 
1 . 8  ( 3 . 9 )  
1.1 ( 2 . 5 )  
1.0 ( 2 . 1 )  




P e n a l t y  
kg . (lbrn) 
1 .5  ( 3 . 4 )  
1 . 4  ( 3 . 1 )  
1 .3 ( 2 . 9 )  
1.7 ( 3 . 8 )  
1 .5  ( 3 . 4 )  
1.5 ( 3 . 3 )  
2 . 1  ( 4 . 7 )  
2 . 0  ( 4 . 4 )  
1 . 9  ( 4 . 2 )  
2 . 0   ( 4 . 3 )  
1 .6   (3 .5 )  
1 . 5   ( 3 . 3 )  
1 . 9   ( 4 . 2 )  
1.6 ( 3 . 6 )  
1 . 5   ( 3 . 4 )  
2 . 9   ( 6 . 4 )  
2 . 5   ( 5 . 5 )  
2 . 4   ( 5 . 3 )  
3 . 4   ( 7 . 6 )  
2 . 0   ( 4 . 5 )  
1 .8   (4 ;O)  
2 .6   (5 .7 )  
1 . 8   ( 4 . 0 )  
1 . 6   ( 3 . 6 )  
5 . 9   ( 1 3 . 1 )  
3 .9   (8 .5 )  
3 . 1   ( 6 . 9 )  
2 . 4   ( 5 . 2 )  
FIGURE 18 
ACS  COMPONENT  MASSES, 22.7 kW/rn2 (2 BTU/SEC FT2) 
R e s e r v o i r  
kg (lbrn) 
0 .7   (1 .6 )  
0 . 7   ( 1 . 5 )  
0.7 (1 .5 )  
1.1 ( 2 . 4 )  
1.0 ( 2 . 3 )  
1 . 0   ( 2 . 2 )  
2 .0   (4 .3 )  
1 .9   (4 .2 )  
1 . 9   ( 4 . 1 )  
0 .7   (1 .6 )  
0 . 7   ( 1 . 5 )  
0 . 7 .   ( 1 . 5 )  
1.0 ( 2 . 3 )  
1.0 (2.1) 
1.0 ( 2 . 1 )  
1 .9   (4 .2 )  
1 . 8   ( 4 . 0 )  
1 . 8   ( 3 . 9 )  
0 . 8   ( 1 . 8 )  
0 . 7   ( 1 . 5 )  
0 .7   (1 .5 )  
1.1 ( 2 . 4 )  
1 . 0   ( 2 . 1 )  
0 .9   (2 .0 )  
0 .9   (1 .9 )  
0 .8   (1 .7 )  
1.0 , ( 2 . 3 )  






1 9   ( 4 1 )  





































D i s t a n c e  From C o o l a n t  I n l e t  End of  P a n e l  - m  
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THERMAL  CHARACTERISTICS,  PANEL  DESIGNED FOR 
22.7  kW/m2 (2 BTU/SEC  FT2) 
36 
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D i s t a n c e  From C o o l a n t  I n l e t  End o f  P a n e l  - f t  
FIGURE 21 
THERMAL  CHARACTERISTICS,  PANEL  DESIGNED  FOR 
56.7 kW/m2 (5 BTU/SEC  FT2) 
3 7 
T h e s e  c h a r a c t e r i s t i c s  i m p l y  that  f o r c i n g  t h e  c o o l a n t  f l o w  t o  b e  m o r e  
t u r b u l e n t  by i n c r e a s i n g  f l o w  rate ,  h e n c e  i n c r e a s i n g  i n t e r n a l  h e a t  t r a n s f e r ,  
would  be  advantageous.   However,   for a spec i f i ed   pane l   geomet ry ,   on ly   one  
c o o l a n t   f l o w  w i l l  e x a c t l y  s a t i s f y  t h e  s t r u c t u r a l  t e m p e r a t u r e  cr i ter ia .  Forc- 
i n g  t h e  f l o w  t o  become  more t u r b u l e n t  s i m p l y  b y  i n c r e a s i n g  t h e  f l o w  r a t e  
w i l l  ove rcoo l   t he   pane l   and   p roduce   h ighe r   p re s su re   d rops .   Th i s  w i l l  in -  
crease ACS component masses. I f  t u b e  p i t c h  were i n c r e a s e d  t o  r e d u c e  p a n e l  
s t r u c t u r a l  mass, the  h igher  f low-per - tube  requi rement  would  increase  f low 
t u r b u l e n c e .  T o t a l  mass cha rged   t o   t he   pane l   wou ld   a l so   be   i nc reased   w i th  
t h i s  a p p r o a c h ,  as shown  by da ta  f rom F igures  16 and 1 7 :  
Constants :  Maximum Panel   Temperature  = 394  K (250OF) 
Outer  Skin Thickness  = 1 .02  wn (0.040 i n )  
Coolant  Tube Diameter = 0 . 4 8  c m  ( 3 / 1 6  i n )  
Tube P i t c h  Heat ing  Rate 
cm ( i n )  lkW/m2 ( B t u / s e c  f t 2 y  
I 
2 .54  (1 .0 )  
3 . 8 1   ( 1 . 5 )  
5 . 0 8   ( 2 . 0 )  
2 .54  (1.0) 
3 . 1 8   ( 1 . 2 5 )  
3 . 8 1   ( 1 . 5 )  
Flow/Tube 
1 1 3   ( 2 4 9 )  5200  1 3 . 4   ( 0 6 )
kg  (lbm) - Number g / s  (lbm/-hr) 
Panel  Plass Reynolds 
2 3 . 2   ( 1 8 4 )  7100 1 1 3   ( 2 5 0 )  
4 6 . 7   ( 3 7 0 )  9000 
12000  4 0 . 6   ( 3 2 2 )  
1 2 6   ( 2 7 8 )  
3 3 0   ( 7 2 7 )  20000 171 .5   (1360)  
1 8 6   ( 4 1 0 )  14000  7 2 . 5   ( 5 7 5 )
1 4 3   ( 3 1 5 )  
These  t r ends  show tha t  t he  "b ru te  fo rce ' '  me thod  o f  i nc reas ing  coo lan t  f l ow 
t o  i m p r o v e  t h e  p a n e l ' s  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  c a n  p r o d u c e  a s i g n i f i c a n t  
mass pena l ty .   The re fo re ,   more   soph i s t i ca t ed   t echn iques   mus t   be   u sed   t o   des ign  
p a n e l s  t o  accommodate higher levels  of h e a t i n g  a t  a n  a c c e p t a b l e  p e n a l t y .  
The u n i f o m .  s c r f a c e  h c a t i n g  rates f o r  t h e  b h s r l i n e  p a n e l s  prGduced small 
t h e r m a l  g r a d i e n t s ,  as shown i n  F i g u r e s  20 and 2 1 ,  a n d  t h e  r e s u l t i n g  t h e r m a l  
stresses were small i n  comparison t o  t h e  m e c h a n i c a l  stresses. For a l l  c a s e s ;  
thermal  stresses were compress ion  in  the  inne r  and  ou te r  cove r  sk ins  and  t en -  
s i l e  i n  t h e  t u b e s .  The e s t a b l i s h e d  c r i t e r i a  w a s  t h a t   t h e r m a l  and mechanical 
stresses would  be  superimposed  only when they  were addi t ive .   Consequent ly ,  
t h e  maximum skin  compress ion  stresses occurred when thermal  stresses were 
combined with mechanical stresses resu l t ing  f rom in-p lane  compress ion  load .  
The maximum s k i n  t e n s i o n  stress o c c u r r e d  w i t h  i n - p l a n e  t e n s i o n  l o a d  a c t i n g  
a lone .  The maximum t u b e  t e n s i o n  stress o c c u r r e d  i n  t h e  t u b e s  when thermal  
stresses were combined w i t h  p a n e l  t ens i le  in-plane loading and outward act ing 
no rma l  p re s su re .  
.. - - . . . I  . . .. - . .  .... . , ,.. . 
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Skin  marg ins  o f  s a fe ty  were based  on  f ace  shee t  wr ink l ing  and  f ace  shee t  
d impl ing  a l lowab les  when address ing  compress ion  stresses and  on t ens ion  a l low-  
a b l e s  a s s o c i a t e d  w i t h  g r o w t h  of c r a c k s  f r o m  f a s t e n e r  h o l e s  when a d d r e s s i n g  
tens2on stresses. S i n c e  t h e  s k i n  t e n s i o n  stress a l l o w a b l e s  were always less 
than  the  compress ion  a l lowab les ,  t ens ion  stresses were a l w a y s  c r i t i c a l  f o r  
s i z i n g  t h e  b a s e l i n e  p a n e l  s k i n s .  
The t u b e s  were always c r i t i c a l  i n  t e n s i o n  when thermal and mechanical 
stresses were superimposed. However, f o r  t h e  , 0 7 1  mu (0.028 i n  ) t u b e  w a l l  
t h i c k n e s s  u s e d  i n  t h e  s t u d y  a p o s i t i v e  m a r g i n  o f  s a f e t y  w a s  a lways  obta ined  
i n  t h e  t u b e s .  H e n c e ,  t h e  s k i n s  were t h e  c r i t i ca l  panel   e lements   and   they  
were c r i t i c a l  for f a t i g u e  c r a c k  p r o p a g a t i o n  u n d e r  c y c l i c a l  stresses r a n g i n g  
from maximum compress ion  to  those  r e su l t i ng  f rom mechan ica l  t ens ion  load ing .  
A s  a r e s u l t ,  thermal  stresses d id  no t  impac t  pane l  mass w i t h  t h e  r a n g e  of 
p a r a m e t e r s  a n d  g r o u n d r u l e s  s p e c i f i e d  f o r  t h i s  s t u d y .  
The c a l c u l a t e d  stresses f o r  c o n f i g u r a t i o n  2-2 ( t h e  s e l e c t e d  c o n f i g u r a t i o n  
a t  t h e   l o w e rh e a t i n g   r a t )  were as fo l lows:  3 
I t e m  
MPa ( l b f   / i n 2 )  MPa ( l b f  / i n 2 )  MPa ( l b f   / i n 2 )  
Tube- Inner   Sk in  I Outer  Skin 
Thermal Stress 
147.1  (21340) -157.2  (-22800) -151.5  (-21980) Max. T o t a l  Stress 
5136.6 (+1.9810) - - +156.4 (+22680) 2143.1  (+20760) - Mechanical Stress 
10.5  (153 ) -0.8  (-120) -8.4  (-1220) 
The  most c r i t i c a l  stress w a s  t he  mechan ica l  t ens ion  stress a l o n e  i n  t h e  
o f  s a f e t y  e q u a l  t o  a l l o w a b l e  stress u l t i m a t e  stress - 1 . 0  = 
- 1 .0  = +0.02.   The  calculated stresses f o r   c o n f i g u r a t i o n  
5-5 ( t h e  s e l e c t e d  c o n f i g u r a t i o n  a t  t h e  h i g h e r  h e a t i n g  r a t e )  were as fo l lows:  
1 I t e m  Tube Inne r   Sk in  Outer  Skin 
MPa ( l b f   / i n 2 )  "a, ' ( l b f   / i n2  j MPa ( l b f   / i n 2 )  
Thermal Stress 28.5  (4130) -14.5 (-2110) -28.8  ( 4180) 
Mechanical Stress 
163.4  (2 690) -173.8  (-25220) -170.1  (-24680) Max. T o t a l  Stress 
2134.9  (+19560) - 5159.3 (+23110) - - +141.3  (+20500) - 
Again,  the most  c r i t i c a l  stress w a s  t h e  m e c h a n i c a l  t e n s i o n  stress a l o n e  i n  t h e  
i n n e r  s k i n  w i t h  a margin  of  sa fe ty  of  ___ 
(159.3) 
160.3 - 1.0 = ___ 23250 - 1.0 =+0,.01. 
(23110) 
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E a c h  o f  t h e  b a s e l i n e  c o n f i g u r a t i o n s  were ana lyzed  as d e s c r i b e d  a b o v e  t o  
d e t e r m i n e  t h e  c o m b i n a t i o n  o f  i n n e r  s k i n  t h i c k n e s s  a n d  p a n e l  h e i g h t  t h a t  
r e s u l t e d  i n  minimum mass. F i g u r e  22 p r e s e n t s  t h o s e  r e s u l t s .  
F i g u r e  13  p r e s e n t s  a p l o t  o f  u n i t  s t r u c t u r a l  mass (mass p e r  u n i t  a r e a )  
v e r s u s ' p a n e l  h e i g h t  f o r  t h e  c o m b i n a t i o n  o f  a 1.02 . m m  ( .040 i n )  o u t e r  s k i n  
t h i c k n e s s ,  2.54 c m  (1.0 i n )  t u b e  p i t c h  a n d  b o t h  0.48 cm ( 3 / 1 6  i n )  a n d  0.64 
( 1 / 4  i n )  t u b e  d i a m e t e r s ,  t h e  c o m b i n a t i o n s  s e l e c t e d  f o r  t h e  b a s e l i n e  p a n e l  
des igns .   The   o the r   combina t ions   o f   ou te r   sk in   t h i ckness ,   t ube   p i t ch   and   t ube  
diameter  produced similar r e s u l t s .   F i g u r e  1 3  shows t h a t ,   a l t h o u g h   f o r  a 
g i v e n  c o n f i g u r a t i o n ,  a s ing le  combina t ion  o f  pane l  he igh t  and  inne r  sk in  
t h i c k n e s s  y i e l d s  t h e  minimum mass, reasonably  small d e v i a t i o n s  f r o m  t h a t  
p a n e l  h e i g h t  c a u s e  o n l y  v e r y  small i n c r e a s e s  i n  mass. 
The t o t a l  p a n e l  s t r u c t u r a l  mass f o r  e a c h  c o n f i g u r a t i o n ,  shown i n  
F i g u r e s  1 6  and 1 7 ,  i n c l u d e s  t h e  mass o f  t h e  m a n i f o l d s  a n d  j o i n t  materials 
d e f i n e d  i n  F i g u r e  15. T h i s  mass w a s  33.7 kg ( 7 4 . 0  lbm) f o r  a l l  b a s e l i n e  
cases. A s  shown i n  F i g u r e s  1 6  and 1 7 ,  t h e  s t r u c t u r a l  mass d i f f e r e n c e s  be- 
t w e e n  v a r i o u s  c o n f i g u r a t i o n s  w a s  s i g n i f i c a n t  b u t  n o t  as g r e a t  as t h e  ACS 
component mass d i f f e r e n c e s .  
40 
Configuration 
- "" ~- 
2-1, 5-1: 
2-2; 5-2 
2-3,  5-3 
2-G; 5-4 
2-5,' 5-5* 
2-6,  5-6 
2-7,  5-7 
2-8,  5-8 
2-9,  5-9 
2-10 
2-11,  5-10 
2-12,  5-11 
2-13,  5-12 
2-14,  5-13 
2-15,  5-14 
2-16,  5-15 
2-17,  5-16 
2-18,  5-17 
2-19 
2-20,  5-18 
2-21,  5-19 
2-22 
2-23,  5-20 









mm .(in) ~ 
0.64  (0 .025)  
1 .02  ( .040)  
1 .27  (0 .050)  
0 .64  ' (0.025) 
1.02  ( .040) 
1 .27  , (0 .050)  
0 .64   (0 .025)  
1 .02  ( .040)  
1 .27  (0 .050)  
0 . 6 4  (0.025) 
1 .02  (0.040) 
1 .27  (0 .050)  
0 .64  (0 .025)  
1 .02  (0 .040)  
1 .27  (0 .050)  
0 .64  (0 .025)  
1 .02  (0.040) 
1.27 (0 .050)  
0 .64  (0 .025)  
1 .02  (0 .040)  
1.27 (0 .050)  
0.64 (0.025) 
1 .02  (0 .040)  
1 .27  (0.050) 
1 .02  (0 .040)  
1 .27  (0.050) 
1 .02  (0.040) 
1 .27  (0.050) 
-. . - - . . . 
Inner si;in 
.. Thickness 
"5% ( i n )  
0.89 ( .035) 
0 .64  (.025) 
0.46 ( .018) 
0.79 (. 031) 
0 . 5 1  (. 020) 
0 . 4 1  (.016) 
0 . 5 8  (. 023) 
0 . 4 1  (.016) 
0 . 4 1  (. 016) 
0 .99  ( .039)  
0.66 (. 026) 
0 .48  ( .019) 
0.89 (. 035) 
0.58 ( .023) 
0 .46  ( .018)  
0 . 7 1  ( .028)  
0 .48  ( .019)  
0 . 4 1  (. 016) 
1 .04  (. 041) 
0 .69  (. 027) 
0 .53  ( .021)  
0 .97  ( .038) 
0 .64  ( .025)  
0 .48  ( .019)  
0.74 (. 029) 
0 .56  ( .022) 
0 . 7 1  ( .028) 




mm ( i n )  kg/rn2 ( l b m / f t  ) 
2 
2.97  (1.17) 
6.93  (1.42) 2.72  (1.07) 
6.64  (1.36) 2.57 (1.01) 
6.49  (1.33) 
3.65 (1.11) 6.49  (1.33) 
2.77  (1.09) , 
7.71  (1 .58)   2 .44  (0 .96)  
7.18 ' (1.47)  2.72  (1.07) 
6.64  (1.36)  2.74  (1.08) 
7.13  ( .46.)  2.72  (1.07) 
6.74 (1.38) 
2.77  (1 .09)  
7 .37  (1 .51)   2 .57  (1 .01)  
6 .93  (1 .42)   2 .62 (1.03) 
6.54  (1 .34)   2 .67  (1 .05)  
6.98 ( 1 . 4 3 )  2.62 (1.03) 
6.69  (1.37)  2.67  (1.05) 
6.49 (1.;33) 2 .72  (1 .07)  
6 .84  (1 .40)   2 .62 (1.03) 
6.59  (1 .35)   2 .67  (1 .05)  
6.49  (1.33) 
2.72  (1.07) 
2 .62  (1 .03)  
6 .54  (1 .34)  2 . 7 2  (1 .07)  
6.49  (1.33) 
6 .88  (1 .41)   2 .62 (1.03) 
6.59  (1 .35)   2 .62  (1 .03)  
6 .49  (1 .33)  2 .67  (1 .05)  
6.79  (1.39) 
2.67  (1.05) 
2 .51   (0 .99)  
6.69  (1.37)  2.62  (1.03) 
6.54  (1.34) 
6.79  (1.39) 2 .57  (1 .01)  
6 .54  (1 .34)  
FIGURE 22 




4 .  TWO-DIMENSIONAL INTERFERENCE HEATING  PATTERNS "- 
T h r e e  t y p i c a l  i n t e r f e r e n c e  h e a t i n g  p a t t e r n s  t h a t  c o u l d  b e  e x p e r i e n c e d  
o n  h i g h  s p e e d  a i r c r a f t  were c o n s i d e r e d .  T h e s e  d e s i g n  c o n d i t i o n s ,  i l l u s t r a t e d  
by  Figure  23, are two-dimensional, i n  t h a t  t h e  l o c a l  h e a t i n g  rate v a r i e s  w i t h  
t h e  p a n e l  l e n g t h w i s e  l o c a t i o n  b u t  n o t  w i d t h w i s e .  I n  e a c h  case t h e  t o t a l  p a n e l  
is  exposed  to  a u n i f o r m  s u r f a c e  h e a t i n g  rate,  w i t h  a n  a d d i t i o n a l  h e a t  l o a d  
be ing   super imposed   over  a p o r t i o n  o f  t h e  p a n e l .  The h e a t i n g  ra te  d i s t r i b u t i o n s  
are b e l l - s h a p e d  ( s i n u s o i d a l ,  @ = 0 t o  T j . The  supe r imposed  d i s t r ibu t ions  
ex tend  0.91 m ( 3  f t )  a l o n g  t h e  p a n e l  l e n g t h  a n d  c o v e r  t h e  f u l l  1 . 5 2  m (5  f t )  
w id th .  The  nomina l  l oca t ion  o f  t he  peak  hea t ing  i s  1.22 m ( 4  f t )  f rom one  end  
o f   t he   pane l .  A p o t e n t i a l  0 . 3  m (1 f t )  l e n g t h w i s e  s h i f t  i n  t h e  p a t t e r n  w a s  
acknowledged  du r ing  des ign  s tud ie s .  
A p r i m a r y  s t u d y  o b j e c t i v e  w a s  t o  i d e n t i f y  p r a c t i c a l  c o o l e d  p a n e l  con- 
c e p t s  t h a t  c o u l d  m a i n t a i n  t h e  maximum s t r u c t u r a l  t e m p e r a t u r e  a t  394 K (250°F) 
when exposed  to  these  hea t ing  pa t t e rns  wi th  min ima l  mass  pena l ty .  A pre- 
l imina ry  unde r s t and ing  w a s  o b t a i n e d  b y  a n a l y z i n g  t h e  e f f e c t s  o f  t h e  s p e c i f i e d  
h e a t i n g  p a t t e r n s  on t h e  b a s e l i n e  c o o l e d  p a n e l s .  
The r e s u l t s  are summarized i n  F i g u r e  2 4 .  The b a s e l i n e   p a n e l   c o n f i g u r a t i o n s ,  
d e s c r i b e d  i n  S e c t i o n  3 . 4 ,  w o u l d  e x p e r i e n c e  e x c e s s i v e  s u r f a c e  t e m p e r a t u r e s  n e a r  
t h e  l o c u s  o f  p e a k  i n t e r f e r e n c e  h e a t i n g ,  w h i c h  w a s  assumed t o  b e  1 . 2 2  m ( 4  f t )  
f rom  the   pane l   coo lan t   i n l e t   end .   Impos ing   Des ign   Cond i t ions  1 and 2 on   t he  
b a s e l i n e  p a n e l  d e s i g n e d  f o r  a uniform 22.7 kW/rn2 ( 2  Btu /sec  f t ) h e a t i n g  r a t e  
produced maximum tempera tures  of 411 K (280°F)  and  547 K (525°F)   r e spec t ive ly .  
I f  t h e  D e s i g n  C o n d i t i o n  3 h e a t i n g  p a t t e r n  w o u l d  c r o s s  a p a n e l  d e s i g n e d  f o r  a 
cons t an t   56 .7  kW/m ( 5  B t u / s e c  f t  ) ,  a maximum su r face   t empera tu re   o f  522 K 
(480OF) would be  expe r i enced .  
2 
2 2 
T h e s e  r e s u l t s  v e r i f y  t h a t  i n t e r f e r e n c e  h e a t i n g  c a n  i m p o s e  s e v e r e  d e s i g n  
r e q u i r e m e n t s   o n   a i r c r a f t   c o n f i g u r e d   w i t h   a c t i v e l y   c o o l e d   s t r u c t u r e .  The analy-  
ses conducted  to  de te rmine  which  cooled  panel  des ign  modi f ica t ions  provide  the  
b e s t  s o l u t i o n s  t o  t h i s  d e s i g n  c h a l l e n g e  a re  d i s c u s s e d  i n  t h i s  s e c t i o n .  
4 . 1  Candidate  Panel  Design  Concepts 
T h e  c a n d i d a t e  d e s i g n  c o n c e p t s  f o r  r e g i o n s  e x p o s e d  t o  i n t e r f e r e n c e  h e a t i n g  
a re  d e s c r i b e d   i n   t h i s   s e c t i o n .   A n a l y t i c a l   e v a l u a t i o n s  are  p r e s e n t e d  i n  
S e c t i o n  4 . 3 .  
4 3  
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Panel  Length 
A - 6 . 1  m ( 2 0  ft) 
- 1.22 m ( 4  ft) -, - 
Potential  Shift of I 0 . 3  m 1 0.3 m 
Locus of Peak Heating 1 (1.0 ft) 'ITl.0 ft) - 
Nominal Locus of Peak  Heating 170.2   ( 5 )  
- 
L 56.7  (5) 
T, 
22.7  (2) 
, 
45.4 ( 4 )  1 
\L- 
I Design  Co dition 1 
1- Interference  Heating 
Span = 0.91 m (3 ft) + 
FIGURE 23 
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Basel ine  Panel  Des igned  For  Uni form 
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EFFECT OF  INTERFERENCE  HEATING  ON  BASELINE  PANEL  DESIGNS 
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A l o g i c a l  s o l u t i o n  f o r  a m o d e s t l y  i n c r e a s e d  h e a t  l o a d  is a Modif ied Base- 
l i n e   P a n e l   C o n c e p t .  The b a s e l i n e   p a n e l   a n a l y s e s ,   S e c t i o n  3 .4 ,  r e v e a l e d  t h a t  
two m i n o r  m o d i f i c a t i o n s  t o  t h e  b a s i c  c o n f i g u r a t i o n ' c o u l d  i m p r o v e  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s .   F i r s t ,   s i m p l y   i n c r e a s i n g   t h e   c o o l a n t   f l o w  is b e n e f i c i a l  up 
t o  t h e  p o i n t  t h a t  t h e  p r e s s u r e  d r o p  p e n a l t i e s  o u t w e i g h  t h e  i m p r o v e d  h e a t  
t r a n s f e r .   S e c o n d l y ,   t u b e   p i t c h   r e s t r i c t e d   t o  2.54 c m  (1.0 i n ) ,   b e c a u s e   o f  
p a n e l  a s s e m b l y  c o n d i t i o n s ,  c o u l d  b e  d e c r e a s e d  t o  1 . 9 1  cm (0.75 i n )  when smaller 
c o o l a n t   t u b e s   o f  0 .48  cm ( 3 / 1 6   i n )  were u s e d .   R e d u c i n g   t h e   p i t c h   e f f e c t i v e l y  
minimizes  panel  mass. 
The t h i c k n e s s  o f  t h e  o u t e r  s k i n  h a s  a s t r o n g  i n f l u e n c e  o n  t h e  t h e r m a l  
e f f i c i e n c y .  Pbak s t r u c t u r a l   t e m p e r a t u r e s   o c c u r   i n   t h e   o u t e r   s k i n  midway 
be tween   coo lan t   t ubes .  Heat is c o n d u c t e d   l a t e r a l l y   t h r o u g h   t h e   s k i n   t o   t h e  
c o o l a n t  t u b e s ,  w i t h  t h e  t h e r m a l  r e s i s t a n c e  b e i n g  i n v e r s e l y  p r o p o r t i o n a l  t o  
s k i n   t h i c k n e s s .   T h u s ,  a Thickened  Skin  Concept w a s  s t u d i e d   t o   d e t e r m i n e   t h e  
b e n e f i t  of v a r y i n g   t h i s   p a r a m e t e r .   T h i s   c o n c e p t ,   F i g u r e  25, w a s  c o n f i g u r e d  
w i t h  t h e  s k i n  t h i c k e n e d  o n l y  i n  t h e  r e g i o n  e x p o s e d  t o  i n t e r f e r e n c e  h e a t i n g ,  
t o  avo id  an  unnecessa ry  mass p e n a l t y .  
Panel Length I
Locus of Peak Heating 
Outer Skin Thickened in Region 
Exposed to Increased  Heating 
View A-A Inner  Skin 
FIGURE 25 
THICKENED  SKIN  CONCEPT 
46 
Three  concepts  were s t u d i e d  t o  e v a l u a t e  t h e  p o t e n t i a l  b e n e f i t s  o f  c l o s e r  
t u b e  s p a c i n g  o n  t h e  e n d  o f  t h e  p a n e l  e x p o s e d  t o  i n t e r f e r e n c e  h e a t i n g .  These 
were t h e  I n t e r m e d i a t e  - Manifold Concept,  the Branched Tubes Concept,  and the 
Sepa ra t e   Pane l s   Concep t ,  shown i n  F i g u r e  26. I n  t h e  f i r s t  c o n c e p t ,  a n  i n t e r -  
media te  mani fo ld  is used t o  r e d i s t r i b u t e  t h e  c o o l a n t  t o  a n  i n c r e a s e d  number  of 
t u b e s  i n  t h e  r e g i o n  o f  t h e  p a n e l  e x p o s e d  t o  i n t e r f e r e n c e  h e a t i n g .  S i n c e  t h e  
f l o w  b o u n d a r y  l a y e r  o r i g i n  i s  r e - e s t a b l i s h e d ,  t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i -  . 
c i e n t  i s  h i g h e r .  
The Branched Tubes Concept w a s  s t u d i e d  t o  e v a l u a t e  t h e  b e n e f 4 t s  o f  
d i v i d i n g  t h e  u p s t r e a m  f l o w  i n t o  two c lose ly   spaced   downst ream  tubes .  The 
ups t r eam tube  spac ing  is t h u s  d i c t a t e d  b y  t h e  minimum allowable downstream 
tube  spac ing .  
The  Separa te  Panels  Concept  provides  an  independent  pane l ,  conf igured  
s p e c i f i c a l l y  f o r  t h e  small s e c t i o n  a f f e c t e d  bj? i n t e r f e r e n c e  h e a t i n g  w i t h o u t  
i n f l u e n c i n g  t h e  r e m a i n d e r  o f  t h e  p a n e l  r e g i o n .  A s  i n d i c a t e d  i n  F i g u r e  26,  
two t u b e  o r i e n t a t i o n s  were i n v e s t i g a t e d  f o r  t h e  s e p a r a t e  p a n e l .  
Ano the r  gene ra l i zed  des ign  concep t ,  H igh  Heat Transfer  Tubes,  w a s  
i n v e s t i g a t e d .   T e c h n i q u e s   t o   a u g m e n t   t h e   c o n v e c t i v e   h e a t   t r a n s f e r   i n s i d e   t h e  
t u b e s  were a n a l y z e d  f o l l o w i n g  l i b r a r y  r e s e a r c h .  As i n d i c a t e d  i n  F i g u r e  2 7 ,  
numerous  techniques  based  on  promoting  f low  turbulence were examined. The 
i n c r e a s e d  h e a t  t r a n s f e r  b e n e f i t s  h a d  t o  b e  t r a d e d  o f f  a g a i n s t  t h e  p e n a l t i e s  
a s s o c i a t e d  w i t h  i n c r e a s e d  p r e s s u r e  d r o p .  
O t h e r  s t u d i e s ,  s u c h  as those  summarized i n  R e f e r e n c e s  1 and 2 ,  have 
acknowledged  tha t  coo led  hype r son ic  a i r c ra f t  w i l l  r e q u i r e  some degree of  
s h i e l d i n g  t o  make t h e  t o t a l  h e a t  l o a d  a b s o r b e d  c o m p a t i b l e  w i t h  t h e  a v a i l a b l e  
f u e l  h e a t  s i n k .  R e f e r e n c e  2 a l s o  r e v e a l e d  t h e  a d d i t i o n a l  f a i l - s a f e  c a p a b i l i t y  
a f f o r d e d  by t h e  e x t e r n a l  s u r f a c e  p r o t e c t i o n .  A c u r r e n t  MCAIR s t u d y  (NASI- 
13939) is b e i n g ' c o n d u c t 6 d  t o  e v a l u a t e ,  b o t h  a n a l y t i c a l l y  a n d  v i a  t e s t i n g ,  a 
Rad ia t ive   Ac t ive ly   Coo led   Pane l   des ign .   Th i s   des ign   approach   a l so  merits 
c o n s i d e r a t i o n   f o r   r e g i o n s   e x p o s e d   t o   i n t e r f e r e n c e   h e a t i n g .  Numerous s u r f a c e  
p r o t e c t i o n  t e c h n i q u e s  are p o s s i b l e ,  r a n g i n g  f r o m  s i m p l e  s u r f a c e  c o a t i n g  ma- 
t e r i a l s  t o  e x t e r n a l  h e a t  s h i e l d s  b a c k e d  up by i n s u l a t i o n .  The I n s u l a t e d   P a n e l  
Concept, shown i n  F i g u r e  28 w a s  s e l e c t e d  t o  t y p i f y  t h i s  a p p r o a c h ,  s i n c e  i t  
h a s  b e e n  j u d g e d  t o  b e  s u p e r i o r  t o  o t h e r  c o n c e p t s  i n  t h e  c o n c u r r e n t  MCAIR s t u d y  
a n d  t h e  r e s u l t s  o f  t h a t  s t u d y  were r e a d i l y  a c c e s s i b l e .  




1 91 C r n  2.54 crn 
11.0 In I 
SrJac1ng 
Tube 
spacing Sectlon Exposed to 
I Interference Heating 
Tube 










Intermediate - Manifold Concept 
lnterlerence Heating 
Panel Expored IO 
10 75 I" I 






Manlfold I t 
Coolant 
l d P l  
Mamfold 
. .






Manifold Inlet Manifold 
Basic  Separate  Panels Concept 
FIGURE 26 
INTERMEDIATE  MANIFOLD,  BRANCHED  TUBES, 
AND SEPARATE  PANELS  CONCEPTS 








-aight or Spiraled 
Internal Fins 







HIGH  HEAT  TRANSFER  TUBES  CONCEPTS 
4 9  
If only  thermodynamic  cons idera t ions  were i n v o l v e d ,  h e a t i n g  n e a r  t h e  
coo lan t  ex i t  wou ld  be  more  c r i t i c a l ,  s i n c e  t h e  c o o l a n t  t e m p e r a t u r e  is h i g h e r  
a t  t h a t  p o i n t  a n d  t h e  ra te  of hea t   removal  is lower.  However, a t  t h e  i n l e t  
e n d ,  s t r u c t u r a l  mass requi rements   could   be 'h igher   to   accommodate   more  Severe 
stresses c a u s e d  b y  t h e  l a r g e r  t e m p e r a t u r e  g r a d i e n t s .  
Analyses were c o n d u c t e d  w i t h  t h e  b a s e l i n e  p a n e l  c o n c e p t s  m o d i f i e d  t o  
l i m i t  t h e  maximum s t r u c t u r a l  t e m p e r a t u r e  t o  394 K (250°F) when exposed  to  
t h e  t h r e e  s p e c i f i e d  i n t e r f e r e n c e  h e a t i n g  d e s i g n  c o n d i t i o n s .  A t  e a c h   c o n d i t i o n ,  
t h e  h e a t i n g  p a t t e r n  was  assumed t o  b e  l o c a t e d  f i r s t  a t  t h e  i n l e t  a n d  t h e n  a t  
t h e  e x i t  end   o f   t he   pane l .   F igu re  30 summar izes   t he   conf igu ra t ions   ana lyzed .  
ACS component mass requi rements  were f o u n d  t o  b e  g r e a t e r ,  as expec ted ,  when 
t h e  h e a t i n g  p a t t e r n  i s  l o c a t e d  n e a r  t h e  p a n e l  c o o l a n t  e x i t  f o r  a l l  t h r e e  d e s i g n  
condi t ions .   Thermal  stresses were f o u n d  t o  b e  s u f f i c i e n t l y  l o w  s u c h  t h a t  
s t r u c t u r a l  r e q u i r e m e n t s  were n o t  a f f e c t e d .  
F i g u r e  31 i l l u s t r a t e s  t h e  c o n c l u s i o n  t h a t ,  t h e r m o d y n a m i c a l l y ,  h e a t i n g  a t  
t h e  c o o l a n t  e x i t  e n d  i s  more  demanding,  using  Design  Condition 1 as an  example.  
When t h e  p e a k  h e a t i n g  i s  a t  t h e  e x i t  e n d ,  t h e  maximum pane l  ou te r  sk in  t empera -  
tues   exceed  394 K (250°F) .  To reduce maximum t e m p e r a t u r e s   t o  394 K (250'F) 
c o o l a n t  f l o w  m u s t  b e  i n c r e a s e d .  T h i s  i n c r e a s e s  t h e  mass of  ACS components. 
A s  a r e s u l t  o f  t h e s e  a n a l y s e s ,  i t  w a s  c o n c l u d e d  t h a t  t h e  e x i t  l o c a t i o n  
was more demanding and subsequent  concept  evaluat ions considered only that  
l o c a t i o n .  
Another   conc lus ion ,   apparent   f rom  F igure  30, i s  t h a t  a small s h i f t  i n  t h e  
h e a t i n g  p a t t e r n  l o c a t i o n ,  s u c h  as t h e  20.3 m (1 f t )  s h i f t  examined, would 
n o t  s i g n i f i c a n t l y  i m p a c t  p a n e l  mass. Even e x t r e m e  s h i f t s  would  produce mass 
d i f f e r e n c e s   o f  1 0  pe rcen t   and  less. Therefore ,   subsequent   concepts  were 
d e s i g n e d  t o  r e c o g n i z e  t h e  p o s s i b i l i t y  o f  a - + 0 .3  m ( 1   f t )   s h i f t   i n   t h e   h e a t i n g  
p a t t e r n  by s t r u c t u r a l  a r r a n g e m e n t  c o n c e s s i o n s ,  b u t  ACS component requirements 
were assumed t o  b e  i n s e n s i t i v e  t o  t h a t  e f f e c t .  
4 .3  Concept  Evaluation 
Each candidate  concept  w a s  ana lyzed  to  de t e rmine  a minimum mass conf igura-  























P i t c h  
cm ( i n )  
2.54 (1.00) 
2.54 (1.00) 
1 .91  (0 .75)  
1 . 9 1  (0 .75)  
1 . 9 1  (0 .75)  
1 .91  (0 .75)  
Tube 
Diameter 
cm ( i n )  
0.48  (3/16) 
0.48  (3/16) 
0 .48  (3/16)  
0 .48  (3/16)  
0 .48   (3 /16)  
0.48  (3/16) 
Coolant 
Flow/Tube 
g / s  ( lbm/hr) 
18.9  (150) 
23.3  (185) 
47.3  (375) 
50.4  (400) 
88.3  (700) 
92.7  (735) 
Panel 
kPa ( l b f / i n L )  L3.P n 
379 (55) 
558  (81) 
2200 (319) 
2585 (375) 
6205  (90 ) 
7240 (1050) 
Panel  
S t r u c t u r a l  
Mass 
kg (lbm) 
98  (216) 
98  (216) 
103  (228) 
103  (228) 
99 (219) 








82  (181) 
203  (448) 
234 (516) 
Tot a 1  
Mass 
kg (lbm) 
120  (265) 
124  (274) 
1 7 7  (391) 
186  (409) 
303  (667) 
333  (735) 
FIGURE 30 
CONFIGURATIONS  ANALYZED TO ESTABLISH  CRITICAL 
HEATING PATTERN LOCATION 
C o o l a n t  
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Coolant   Flow/Tube 
= 18.9  g / s  (150 l b m / h r )  
394 K (250°F)  
Coolant   Flow/Tube 
= 1 8 . 9   g / s  (150 I b m / h r )  I /  
o D e s i g n  C o n d i t i o n  1 
o B a s e l i n e  P a n e l  
o Tube   P i t ch  - 2.54 c m  (1.0 i n )  
o Tube  Diameter = 0.48  c m  ( 3 / 1 6  i n )  
1 2 3 4 5 6 








1 2  $6 210 
Length F r o m  C o o l a n t  I n l e t  End of P a n e l  - f t  
FIGURE 31 
HEATING  PATTERN  LOCATED  NEAR  COOLANT  EXIT  END  OF  PANEL 
REQUIRES  INCREASED  COOLANT  FLOW 
54 
4 . 3 . 1  Modif ied  Basel ine  Panel   Concept  - The c o n f i g u r a t i o n s  s t u d i e d  to 
e s t a b l i s h  t h e  c r i t i c a l  h e a t i n g  p a t t e r n  l o c a t i o n ,  as d i s c u s s e d  i n  S e c t i o n  4 . 2 ,  
were Modif ied  Basel ine  Panel   Concepts .   Figure 32 summarizes   the  Modif ied Base- 
l i ne  P a n e l  C o n c e p t s  s i z e d  f o r  h e a t i n g  p a t t e r n s  l o c a t e d  n e a r  t h e  c o o l a n t  ex i t  
e n d  o f  - t h e  p a n e l .  F o r  Desim Condit ion 1 t h e  b a s e l i n e  p a n e l  s i z e d  f o r  a uni- 
f o r m  h e a t i n g  ra te  of  22.7 kW/m ( 2  Btu/sec  f t  ), modif ied   on ly   by   increas ing  2 2 
t h e  c o o l a n t  f l o w  p e r  t u b e  f r o m  13.4 g / s  ( 1 0 6  l b m / h r )  t o  23.3 g/s (185 lbm/hr ) ,  
w a s  examined  (Configurat ion 2 ) .  T h i s  n o n s t r u c t u r a l  m o d i f i c a t i o n  r e s u l t e d  i n  a n  
1 1 . 3  kg ( 2 5  l bm) ,   o r  10 p e r c e n t ,   p a n e l  mass i n c r e a s e .  By r e d u c i n g   t h e   c o o l a n t  
t u b e  p i t c h  t o  1.91 c m  (0 .75  i n )  t o  r e q u i r e  a smaller i n c r e a s e  i n  c o o l a n t  f l o w  
p e r  t u b e ,  C o n f i g u r a t i o n  1, the change i n  the mass of ACS components was n e g l i -  
g i b l e .   I n   f a c t ,   r e d u c i n g   t h e   t u b e   p i t c h   p r o d u c e d  a s l i g h t  i n c r e a s e  i n  o v e r a l l  
p a n e l  mass, s i n c e  t h e  s t r u c t u r a l  mass   increased  about  0 .91  kg ( 2  lbm). 
A t  Design Condit ion 2 ,  c o o l a n t  f l o w  r e q u i r e m e n t s  f o r  t h e  P f o d i f i e d  B a s e l i n e  
Panel   Concept   with 0.48 c m  ( 3 / 1 6  i n )  t u b e s  a t  2.54 c m  (1.0 i n )  s p a c i n g  w e r e  
v e r y   l a r g e .   T h i s   r e s u l t e d   i n   e x c e s s i v e   p r e s s u r e   d r o p s .   T h e r e f o r e ,  as shown 
i n  F i g u r e  3 2 ,  o n l y  a l t e r n a t e  c o n c e p t s ,  w i t h  e i t h e r  r e d u c e d  t u b e  p i t c h  o r  
i n c r e a s e d   t u b e   d i a m e t e r ,  were cons idered .  The c o n c e p t   w i t h  a p i t c h  r e d u c t i o n  
t o  1.91 c m  (0 .75  i n ) ,  C o n f i g u r a t i o n  3 ,  r e s u l t e d  i n  a s i g n i f i c a n t l y  l o w e r  mass, 
Even t h o u g h  t h e  p r e s s u r e  d r o p s  a r e  n o t  as c r i t i c a l  w i t h  t h e  l a r g e r  t u b e s ,  
t he  coo lan t  f l ow requ i r emen t s  increase t h e  mass of ACS components  severely.  
A t  Design Condit ion 3 ,  o n l y  o n e  c o n f i g u r a t i o n  w a s  f o u n d  t o  s a t i s f y  t h e  
maximum s t r u c t u r a l  t e m p e r a t u r e  c r i t e r i o n  w i t h o u t  e x c e s s i v e  f l o w  o r  p r e s s u r e  
drop .  Even i n  t h i s  case, t h e  t o t a l  p a n e l  mass of 333 kg (735 lbm) was n e a r l y  
2 . 4  times t h a t  o f  t h e  b a s e l i n e  p a n e l  s i z e d  f o r  a u n i f o r m  h e a t i n g  ra te  of 56.7 
kW/m ( 5  Btu/sec  f t  ).  2 2 
The  pane l  geomet ry  and  un i t  s t ruc tu ra l  masses are shown i n  F i g u r e  33.  
S e l e c t e d  maximum mechan ica l ,  t he rma l ,  and  to t a l  stresses and margins of 
s a f e t y  are  summarized i n  F i g u r e  3 4 .  I n  a l l  cases, t h e   t h e r m a l  stresses were 
found t o  b e  c o m p r e s s i v e  i n  t h e  s k i n s  a n d  t e n s i l e  i n  t h e  t u b e s .  The mechanical  
stresses were r e v e r s i b l e ,  as e x p l a i n e d  i n  S e c t i o n  3.3 ,  and  the re fo re ,  add i -  
t i v e  t o  t h e  t h e r m a l  stresses when o f   t h e  same s i g n .  Where thermal  stresses 
would r e l i e v e   m e c h a n i c a l  stresses, t h e  r e l i e f  w a s  n e g l e c t e d .   F i g u r e  34 
shows t h a t  t h e  maximum combined  coinpression stresses i n  t h e  o u t e r  a n d  i n n e r  
s k i n  were -197.0 MPa ( -28,570 l b f / i n  ) and -169.8 MPa ( -24,640 I b f / i n - ) ,  
7 2 
5 5  
Tube I Tube P a n e l  S t r u c t u r a l  
Mass 
kg  (lbm) 
9 9   ( 2 1 8 )  
9 8   ( 2 1 6 )  
1 0 3   ( 2 2 8 )  
1 0 6   ( 2 3 4 )  
110 ( 2 4 3 )  




kg  (lbm) 
26  ( 5 8 )  
26 ( 5 8 )  
82 (181) 
131 ( 2 8 8 )  
1 9 2   ( 4 3 )  
2 3 4   ( 5 1 6 )  
Coolant  
Flow/Tube 
3/s ( lbm/hr )  
1 7 . 1   ( 1 3 6 )  
2 3 . 3   ( 1 8 5 )  
5 0 . 4   ( 4 0 0 )  
L28.6   (1020)  
180 .3   (1430)  
9 2 . 7   ( 7 3 5 )  
T o t a l  
1 2 5   ( 2 7 6 )  
1 2 4   ( 2 7 4 )  
1 8 6   ( 4 0 9 )  
2 3 7   ( 5 2 2 )  
Des i gn 







Pi t ch   D iame te r  
MOD. BASE. 1 
MOD. BASE. 2 
MOD. BASE - 3 
MOD. BASE. 4 
~ MOD. BASE. 5 
MOD. BASE. 6 
1 . 9 1   ( 0 . 7 5 )  0.48 ( 3 / 1 6 )  
2 .54  (1 .00)  0 . 4 8  ( 3 / 1 6 )  
1 . 9 1   ( 0 . 7 5 )  0 . 4 8  ( 3 / 1 6 )  
2 .54 (1.00) 0 . 6 4   ( 1 / 4 )  
2 .54  (1 .00)  0 . 9 5   ( 3 / 8 )  
1 . 9 1   ( 0 . 7 5 )   0 . 4 8   ( 3 / 1 6 )  
2585   (375 )  
2 1 4 0   ( 3 1 0 )  
359 
I 3 3 3   ( 7 3 5 )  1 7 2 4 0   ( 1 0 5 )  
Note: A l l  c o n f i g u r a t i o n s   h a v e   o u t e r   s k i n   t h i c k n e s s  = 1 .02  mm (0 .040  i n )  
T o t a l  
ACS 
Components 
R e s e r v o i r  Mass 
kg (lbm) kg (lbm) 
1.1 ( 2 . 4 )  2 6   ( 5 8 )  
1.0 ( 2 . 1 )  26   (58)  
2 . 1   ( 4 . 6 )  
1 9 2   ( 4 2 3 )   7 . 4 ( 1 6 . 4 )  
1 3 1   ( 2 8 8 )  3 .2   (7 .1 )  
82   (181)  
3 . 2   ( 7 . 1 )   3 4   ( 5 1 6 )  
Coolant  
D i s t r i b u t i o n  
Pumping 
Power 
P e n a l t y  
kg  (lbrn) 
2 .6  ( 5 . 7 )  
3 . 1  ( 6 . 8 )  
2 0 . 1   ( 4 4 . 4 )  
33 .7   (74 .2 )  
20 .7   (45 .6 )  
84 .6   (186 .6 )  
C o o l a n t   i n  





kg  (lbm) 
2 . 4   ( 5 . 3 )  
1 
3 . 0   ( 6 . 7 )  
1 
6 . 6   ( 1 4 . 5 )  
Coolant  
I n  P a n e l  
kg  (lbm) 
4 . 3   ( 9 . 4 )  
3 . 2   ( 7 . 1 )  
4 . 3   ( 9 . 4 )  
6 . 9   ( 1 5 . 3 )  
1 8 . 8   ( 4 1 . 5 )  
4 . 3   ( 9 . 4 )  
Pumps 
kg  (lbm) 
0 . 8   ( 1 . 7 )  
0 . 9  (2.0) 
6 . 0   ( 1 3 . 2 )  
-0.0 ( 2 2 . 1 )  
6 . 2   ( 1 3 . 6 )  
! 5 . 2   ( 5 5 . 5 )  
L i n e s  
kg  (lbm) C o n f i g u r a t i o n  
MOD. BASE. 1 
MOD. BASE. 2 
1 1 . 7   ( 2 5 .  
1 1 . 9   ( 2 6  
27.4  (60 
3 . 5   ( 7 . 7 )  
4 . 0   ( 8 . 9 )  
MOD. BASE. 3 
MOD. BASE. 4 
MOD. BASE. 5 
'. 4 )  
4 5 . 3   ( 9 9 . 9 )  
1 0 4 . 3 ( 2 2 9 . 9 )  
1 9 . 4   ( 4 2 . 7 )  
2 8 . 3   ( 6 2 . 5 )  
31 .6   (69 .7)  
MOD. BASE. 6 4 3 . 1   ( 9 5 . 0 )  66 .9   (147 .4 )  
FIGURE 32 
SUMMARY OF MODIFIED BASELINE  PANEL  CONCEPT CONFIGURATIONS 
Configuration 
MOD. BASE. 1 
KOD. BASE.. 2 
MOD. BASE. 3 
MOD. BASE. 4 
MOD. BASE. 5 
MOD. BASE. 6 
Panel 
Hei ht Pressure  Thickn ss -1 kPa (lbf/in ) mm Ultimate , Inner Skin 2 (in) 
2.59 (1.02) 29.9 (4.34) 0.86 (. 034) 
2.62 (1.03) 29.9 (4.34) 0.91 (. 036) 
3.58 (1.41) 97.9 (14.20)  1.52 (. 060) 
3.28 (1.29) 97.9 (14.20)  1.52 (. 060) 
2.82 (1.11) 97.9 (14.20)  1.52 (. 060) 
2.95  (1.16) 51.3 (7.44)  1.07 (. 042) 
Structural 
Unit Mass 








-r ~ ~ Uniform  Heating  Area 
Inner  Skin ' Structural 
Thickness 1 Unit Mass 
mm (in) kg/m2 (lbm/ft ) 
2 
0.56 (.022) 
6.64  (1.36) 0.64  (.025) 
6.74 (1.38) 
0.46  (.018) 
7.18  (1.4 )  0.4(.016) 
6.79  (1.39)  0.48 (.019) 
6.59  (1.35) 
0.51 (.020) 6.59  (1.35) 
FIGURE 33 
MODIFIED BASELINE  PANEL  CONCEPT GEOMETRIES  AND  UNIT  MASSES 
Conf igu ra t ion  
and Item 
MOD. BASE. 2 
Thermal Stress 
M e c h a n i c a l  S t r e s s  
Max. Compress ion   S t r e s s  
Max. T e n s i o n   S t r e s s  
Allowable Tension Stress 
Min. Margin  of   Safety 
MOD. BASE. 3 
T h e r m a l   S t r e s s  
M e c h a n i c a l  S t r e s s  
Max. Compression Stress 
Max. T e n s i o n   S t r e s s  
Al lowable  Tens ion  Stress 
Min. Margin  of   Safety 
MOD. BASE. 6 
T h e r m a l  S t r e s s  
Mechanical  Stress 
Max. Compression Stress 
Max. Tens ion  Stress 
Allowable T e n s i o n  S t r e s s  
Min. Margin  of   Safety 
U l t i m :  
Ou te r  Sk in  
MPa ( l b f / i n  ) 2 
-19.0  (-2760) 
+ -147.2  (f21350) 
-166.2  ( 24110) 
147.2 (21350) 
160.3 (23250) 
-33.4  (-4850) 
+ -158.6  (+23010) 




-50.1  (-7260) 
+ -146.9  (+21310> 
-197.0  ( 2857 ) 
146.9 (21310) 
160.3 (23250) 
! Stresses  and  Margins  of  S 
MPa ( l b f / i n 2 )  
Inne r   Sk in  
-3.8  (-550) 
+ -159.5  (223 30) 
-163.3  (-23680) 
159.5 (23130) 
160.3 (23250) 
+0.01 Tens ion  
-5.9  (-860) 
+ -149.3  (t21660) 
-155.2  (-22520) 
149.3 (21660) 
160.3 (23250) 
-10.3  (-1500) 
+ -159.5  (i23 40) 
-169.8  (-24640) 
159.5  (23140) 
160.3  (23250) 
0.00 Tens ion  
e t y  
Tube 
MPa ( l b f / i n 2 )  
29.4  (4260) 
+ -138.4  (+20080) 
-138.4  (-20080) 
167.8 (24340) 
237.9 (34500) 
48.6  (7050) 
+ -145.6 (f21120) 
-145.6  (-21120') 
194.2 (28170) 
237.9 (34500) 
73.8  (10700) 
+ -138.4  (+20080) 
-138.4  (-20080) 
212.2  (30780) 
237.9  (34500) 
FIGURE 34 
MODIFIED  BASELINE  PANEL  CONCEPT  STRESSES  AND  MARGINS OF SAFETY 
1 
, 
r e s p e c t i v e l y .  T h e s e  stresses were n o t  c r i t i c a l  b e c a u s e  i n  n o  case were t h e  
a l l o w a b l e  f a c e  s h e e t  w r i n k l i n g  stresses and  f ace  shee t  d impl ing  stresses less 
t h a n  t h e  e l a s t i c  l i m i t  o f  t h e  material. B e c a u s e   o f   t h i s   a n d   t h e  fact  t h a t  
t h e  s k i n s  h a d  no t h e r m a l  t e n s i o n  stresses i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  t h e  
s k i n s  w e r e  c r i t i c a l  i n  t e n s i o n  d u e  t o  mechanical stresses a l o n e  a n d  t h e  mar- 
g i n s  o f  s a f e t y  shown are b a s e d  o n  t h i s  stress. Because  the  maximum t o t a l  
stresses i n  t h e  t u b e s  were t e n s i o n  a n d  t h e  a l l o w a b l e  t e n s i o n  stresses are 
smaller than  the  a l lowab le  compress ion  stress, t h e  t u b e s  are a l s o  c r i t i c a l  i n  
t e n s i o n .  When the   t he rma l  stresses were added t o  t h e  m e c h a n i c a l  stresses f o r  
p a n e l s  s i z e d  f o r  m e c h a n i c a l  stresses on ly ,  no  nega t ive  marg ins  o f  s a fe ty  were 
ob ta ined .   T ransve r se   t he rma l  stresses ( i . e . ,   a c t i n g   p e r p e n d i c u l a r   t o   t h e  
d i r e c t i o n  o f  t h e  t u b e s )  were determined by u s e  o f  t h e  KBEB program explained 
i n  S e c t i o n  3.3 .  The suppor t   f rames  were assumed  to   be a t  t h e  same tempera ture  
as t h e  p a n e l  i n n e r  s k i n  a n d  were n o t  i n c l u d e d  i n  t h e  t h e r m a l  stress a n a l y s i s .  
Thermal stresses were f o u n d  t o  b e  c o m p r e s s i v e  i n  t h e  o u t e r  a n d  i n n e r  s k i n s  i n  
the  peak  hea t ing  a rea  and  the  immedia te ly  ad jacent  un i formly  hea ted  areas, 
g r a d u a t i n g  t o  t e n s i o n  i n  t h e  a r e a s  o f  u n i f o r m  h e a t i n g  f a r t h e r  f r o m  t h e  p e a k  
h e a t i n g .  The maximum t r a n s v e r s e   t h e r m a l  stresses w e r e  fo r   Des ign   Cond i t ion  2 ,  
a t u b e  p i t c h  of 1 .91 cm ( . 7 5  i n )  and a tube  d iameter  of 0.48 cm (3/16 in )  and  
are shown i n  F i g u r e  35.  Because   there  are no mechanical  stresses i n  t h e  t r a n s -  
v e r s e  d i r e c t i o n ,  t h e  t o t a l  t r a n s v e r s e  stresses are t h e s e  t h e r m a l  stresses which 
are no t   l a rge   enough   t o   be  c r i t i c a l .  I n  t h e   p e a k   h e a t i n g  area t h e s e  t r a n s -  
v e r s e  stresses were of t h e  same sign  (compression)   and  s imilar   magni tude as 
( l b f / i n  ) 
2 
~ " i  .. . . . ~ . - 
-102.0  ( -14800)  -37.5 ( -5440)  
t e n s i o n  ( 2 8 9 0 )  
- 9 3 . 8  (-13600) -29.0  ( -4210)  
t e n s i o n  ( 3300) 
" "" . . - - 
FIGURE 35 
MAXIMUM  TRANSVERSE  THERMAL  STRESSES - MODIFIED 
BASELINE  PANEL  CONCEPT 
t h e  l o n g i t u d i n a l  t h e r m a l  stresses. T h e r e f o r e ,  when  combined  using the Mohr's 
Circle Method, t h e  r e s u l t i n g  maximum p r i n c i p a l  stresses were n o  g r e a t e r  t h a n  t h e  
l a r g e r  o f  t h e  two a c t i n g  a l o n e .  I n  t h e  u n i f o r m  h e a t i n g  area, b o t h  t h e  t r a n s -  
verse a n d  t h e  l o n g i t u d i n a l  t h e r m a l  stresses were small a n d  t h e i r  combina- 
t i o n  w a s  n o t  c r i t i ca l .  T h e  p o r t i o n s  o f  t h e  p a n e l s  s u b j e c t e d  o n l y  t o  u n i f o r m  
h e a t i n g  were s i z e d  f o r  t h e  same loads  and  i n  t h e  same manner as the  base -  
l i n e  p a n e l  e x c e p t  t h a t  t h e  i n n e r  s k i n  t h i c k n e s s e s  a n d  p a n e l  h e i g h t s  were 
modi f ied  where  necessary ,  as e x p l a i n e d  i n  S e c t i o n  3 . 3 ,  t o  m a i n t a i n  a 
u t i i form  pane l   he ight .  Where t h i s  m o d i f i c a t i o n  r e s u l t e d  i n  a mass i n c r e a s e ,  
t r a d e - o f f  a n a l y s i s  was p e r f o r m e d  t o  d e t e r m i n e  t h e  u n i f o r m  h e i g h t  t h a t  
p roduced   the  smallest t o t a l  s t r u c t u r a l  mass. T h e  p a n e l  s t r u c t u r a l  masses 
shown i n  F i g u r e  32 were c a l c u l a t e d  f o r  e a c h  case b y  m u l t i p l y i n g  t h e  u n i t  
masses f o r  t h e  i n t e r f e r e n c e  h e a t i n g  a n d  u n i f o r m  h e a t i n g  p o r t i o n s  by t h e i r  
r e s p e c t i v e  p a n e l  a r e a s  a n d  a d d i n g  t h e  mass of t h e  m a n i f o l d s  a n d  j o i n t  
materials, Because i t  was d e s i r a b l e   f o r   s t r u c t u r a l   r e a s o n s   t o   h a v e   t h e  
changes i n  s k i n  t h i c k n e s s e s  a t  s u p p o r t  f r a m e s ,  t h e  l o c a t i o n  f o r  t h e  
changes  be tween  the  a reas  des igned  fo r  t he  Lwo d i f f e r e n t  h e a t i n g  rates 
was e s t a b l i s h e d  a t  t h e  f i r s t  f r a m e  b e y o n d  t h e  i n t e r f e r e n c e  h e a t i n g  l i m i t .  
This frame was 2.03 m (80  i n )  f r o m  t h e  c o o l a n t  o u t l e t  e n d  of t h e  p a n e l ,  
making t h e  areas 3.10 m ( 3 3 . 3 3  f t  ) and 6.20 m (66 .67  f t 2 )  f o r  t h e  i n t e r -  2 2 2 
f e r e n c e  h e a t i n g  a n d  u n i f o r m  h e a t i n g  d e s i g n  p o r t i o n s  r e s p e c t i v e l y .  T h e  
masses of t h e  m a n i f o l d s  a n d  j o i n t  m a t e r i a l s  a r e  t h e  same as f o r  t h e  b a s e -  
l i n e  p a n e l ,  3 3 . 7  kg ( 7 4 . 0  lbm) . 
4 . 3 . 2  Thickened  Skin  Concept - The p o t e n t i a l  b e n e f i t s  o f  t h i c k e n i n g  t h e  
o u t e r   s k i n   i n   t h e   r e g i o n  o f  i n c r e a s e d   h e a t i n g  were i n v e s t i g a t e d .  The t h i c k -  
n e s s   p r o f i l e   s e l e c t e d   f o r   t h e r m a l   a n a l y s i s  i s  shown i n   F i g u r e  3 6 .  B a s i c a l l y ,  
t h e  t h i c k n e s s  was assumed t o  b e  maximum f o r  1 5 . 2  cm ( 6  i n >  e i t h e r  s i d e  of t h e  
l o c u s  o f  p e a k  h e a t i n g ,  t a p e r i n g  b a c k  t o  t h e  b a s e l i n e  p a n e l  s k i n  t h i c k n e s s  o f  
1 .02 mm (0 .040  i n )  o v e r  a 30.5 c m  ( 1 2   i n )   l e n g t h   o n   e a c h   s i d e .   T h e   s p e c i f i e d  
s h i f t  o f  5 0 .3  m (1 f t )  i n  p e a k  h e a t i n g  was acknowledged by i n c r e a s i n g  t h e  
t o t a l  l e n g t h  o f  t h i c k e n e d  s k i n  a n  a d d i t i o n  30.5 cm ( 1 2  i n )  on e a c h  s i d e ,  
r e s u l t i n g  i n  a 1.52 m (5 f t )  s p a n  p o t e n t i a l l y  e x p o s e d  t o  i n t e r f e r e n c e  h e a t i n g  
e f f e c t s .  
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Coolant Exit  
End of Panel 
Coolant I n l e t  
End of Panel  
J. J. 
P o t e n t i a l  0 . 3 0 ( 1 2 )  s h i f t  i n  p e a k  h e a t i n g  
Nominal Hea t ing  P ro f i l e  
Heating  Prof i l e  L i m i t s  
'peak - - -\ 
/ 
/ 
f- / I 
/ 
'uniform 
t= 0 - 
It"--------- 
of Peak Heating 
1 :  4.88  (192) -1 
J- Basel ine  Skin 
Thickness 0.00102 (0 .040)  - 
3- 
o S o l i d   l i n e   r e p r e s e n t s   o u t e r   s k i n  
Maximum Skin p r o f i l e  u s e d  i n  t h e r m a l  a n a l y s i s .  
Thickness o Dashed l i n e   r e p r e s e n t s   o u t e r   s k i n  
0.46(18) - pro f i l e  u sed  in  we igh t  eva lua t ion .  
0.76(30) - o Dimensions shown expressed meters ( in)  
FIGURE 36 
OUTER SKIN  THICKNESS PROFILE - THICKENED  SKIN  CONCEPT 
Al though  numerous  o the r  t h i ckness  p ro f i l e s  were c o n s i d e r e d ,  t h e  mass 
d i f f e r e n c e s  were f o u n d  t o  b e  n e g l i g i b l e  i n  r e s p e c t  t o  t o t a l  p a n e l  mass, and 
t h e  a s s u m e d  p r o f i l e  w o u l d  r e q u i r e  less s o p h i s t i c a t e d  m a n u f a c t u r i n g  t e c h n i q u e s  
t h a n   t h e  a l ternat ives .  The t u b e   b e n d   r a d i i  are  r e a l i s t i c  ( t h e   a n g l e s   i n v o l v e d  
are less severe than  those  imp l i ed  by  F igu re  36)  a n d  t h e  s t r a i g h t  l i n e  s k i n  
t a p e r i n g  i s  a c h i e v a b l e .  
S i n c e  l o c a l l y  t h i c k e n i n g  t h e  s k i n  i n w a r d l y ,  i n t o  t h e  honeycomb c o r e ,  
compl i ca t e s  manufac tu r ing ,  t he  poss ib i l i t y  o f  t h i cken ing  the  sk in  ou tward ly  
was cons ide red .   Th i s   app roach   wou ld   e l imina te   t he   necess i ty   fo r   t ube   bend ing ,  
reduce  the  problems involved  in  bonding  the  tubes  to  the  sk in ,  and  e l imina te  
removal  of  honeycomb  core material. However, t h i s   a p p r o a c h  w a s  no t   pu r sued  
i n  d e t a i l ,  s i n c e  i t  w o u l d  h a v e  r e q u i r e d  e v a l u a t i o n  o f  t h e  e f f e c t s  o f  l o c a l  
m o l d l i n e   p r o t r u s i o n s   o n   a i r c r a f t   p e r f o r m a n c e .   T h i s   w o u l d   h a v e   n e c e s s i t a t e d  
a d d i t i o n a l   e f f o r t .   T h i s   d e c i s i o n  was f u r t h e r   j u s t i f i e d  as subsequent   pro-  
d u c i b i l i t y  e v a l u a t i o n ,  p r e s e n t e d  i n  S e c t i o n  4 . 4 . 2 ,  r e v e a l e d  t h a t  t h e  f a b r i c a -  
t i o n  c o m p l e x i t i e s  d i d  n o t  s t r o n g l y  i m p a c t  t h e  o v e r a l l  r a n k i n g  o f  t h e  T h i c k e n e d  
Skin  Concept . 
A parametric s t u d y  was c o n d u c t e d  i n v o l v i n g  v a r i a t i o n s  i n  t u b e  p i t c h  a n d  
maximum o u t e r  s k i n  t h i c k n e s s ,  up t o  1 . 0 2  c m  ( 0 . 4  i n ) ,  f o r  e a c h  o f  t h e  t h r e e  
d e s i g n   c o n d i t i o n s .  A tube   d iameter   o f  0 . 4 8  c m  ( 3 / 1 6   i n )  was used i n  t h e  
a n a l y s i s ,  s i n c e  p r e v i o u s  r e s u l t s  i n d i c a t e d  t h e  i m p o r t a n c e  of maximizing  the 
i n t e r n a l   c o n v e c t i v e   h e a t   t r a n s f e r   c h a r a c t e r i s t i c s .   C o o l a n t   t u b e   s p a c i n g s  
( p i t c h )  o f  2 . 5 4  c m  (1.0 i n )  a n d  1 . 9 1  c m  ( 0 . 7 5  i n )  were c o n s i d e r e d .  
The r e s u l t a n t  c o n v e r g e d  d e s i g n s  t h a t  l i m i t  t h e  maximum sk in  t empera tu re  
t o  394 K (250'F) a r e  summarized i n   F i g u r e  3 7 .  A s  shown,   the   coolan t   f low re- 
qu i r emen t s  and  the  a s soc ia t ed  p res su re  d rops  th rough  the  pane l  do  no t  va ry  
g r e a t l y   f o r   a n y   o f   t h e   c o n f i g u r a t i o n s   s a t i s f y i n g   D e s i g n   C o n d i t i o n  1. However, 
t h e  s i g n i f i c a n t l y  h i g h e r  f l o w  r e q u i r e m e n t s  a n d  p r e s s u r e  d r o p s  e x p e r i e n c e d  by 
p a n e l s  w i t h  a 2 .54  cm (1.0 i n )  t u b e  p i t c h  f o r  D e s i g n  C o n d i t i o n  2 and 3 re f lec t  
the  advan tages  o f  min imiz ing  tube  p i t ch ,  t hus  r educ ing  the  mass o f  a c t i v e  c o o l -  
ing system components  as summarized i n  F i g u r e  3 8 .  
Figure  39 was p r e p a r e d  f r o m  t h e  t o t a l  p a n e l  masses p r e s e n t e d  i n  F i g u r e  37 
for  the  Thickened  Skin  Concepts  and  masses p r e s e n t e d  p r e v i o u s l y  f o r  t h e  Modi- 
f i e d  B a s e l i n e  P a n e l  C o n c e p t  ( r e p r e s e n t a t i v e  o f  a l lnon- th ickenedl '  sk in  concept ) .  
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Conf igu ra t ion  
T H I C K .  SKIM 1 
THICK.  SKIN 2 
THICK.  SKIN 3 
T H I C K .  SKIN 4 
THICK.  SKIN 5 
THICK. SKIN 6 
T H I C K .  SKIN 7 
THICK.  SKIN 8 
THICK.  SKIN 9 
THICK. SKIN 10 
THICK. SKIN 11 
THICK.  SKIN 1 2  
Design 















P i t c h  
cm (in) 
2 .54 (1 .00  
1 
1 .91 (0 .75  
I 
I 
2 .54 (1 .00  
1 . 9 1 ( 0 . 7 5  
2 . 5 4 ( 1 . 0 0  
1 . 9 1 ( 0 . 7 5  
I 
1- 
Tube : Outer  Skin 
Diameter . Thickness  
cm (in) mm ( i n )  
0.41 
0.48 
: 3 / 1 6 )   2 . 5 4  (0.1) 
5 . 0 8   ( 0 . 2 )  
10.16 ( 0 . 4 )  
0 . 4 8   ( 3 / 1 6  
1 
1 2 .54  (0.1) 
1 0 . 1 6   ( 0 . 4 )  
5 . 0 8  ( 0 . 2 )  
2 .54  ( 0 . 1 )  
1 0 . 1 6   ( 0 . 4 )  
5 .05  ( 0 . 2 )  
2 .54  (0.1) 
5 . 0 5   ( 0 . 2 )  
1 0 . 1 6   ( 0 . 4 )  
1 6 . 1   ( 1 2 8 )  
5 4 . 9   ( 4 3 5 )  
4 1 . 0   ( 3 2 5 )  
4 4 . 1   ( 3 5 0 )  
too.  9 ( 5 0 0 )  
5 4 . 2   ( 4 3 0 )  
5 3 . 0   ( 4 2 0 )  
6 1 . 8   ( 4 9 0 )  
Pane 1 
S t r u c t u r a l  
Mass 
kg (lbm) 
1 0 3   ( 2 2 6 )  
1 1 5   ( 2 3 )  
1 4 1   ( 3 1 0 )  
103 ( 2 2 8 )  
1 4 2   ( 3 1 2 )  
1 1 9   ( 2 6 3 )  
1 0 8   ( 2 3 9 )  
1 4 6   ( 3 2 1 )  
1 1 6   ( 2 5 6 )  
1 0 5   ( 2 3 1 )  
1 1 7   ( 2 5 8 )  





2 3  ( 5 0 )  
2 2   ( 4 8 )  
2 3   ( 5 0 )  
25   (55 )  
25 ( 5 5 )  
73 ( 1 6 0 )  
62   (13 )  
6 8   ( 1 5 0 )  
210 ( 4 6 3 )  
90  ( 1 9 9 )  
87 ( 1 9 2 )  
111 ( 2 4 4 )  
T o t a l  ' 
kg (lbm) , 
Mass j 
1 2 5   ( 2 7 6 )  
1 3 7   ( 3 0 1 )  
1 6 3   ( 3 6 0 )  
1 2 8   ( 2 8 3 )  
1 6 6   ( 3 6 7 )  
1 9 2   ( 4 2 3 )  
170 ( 3 7 5 )  
2 1 4   ( 4 7 1 )  
326   (719 )  
1 9 5   ( 4 3 0 )  
204  (450)  




THICKENED  SKIN  CONCEPT  CONFIGURATIONS 
C o n f i g u r a t i o n  
THICK.  SKIN 1 
THICK.  SKIN  2 
THICK.  SKIN  3 
THICK.  SKIN 4 
THICK.  SKIN  5 
THICK. SKIN 6 
T H I C K .  SKIN 7 
THICK.  SKIN  8 
I 
THICK.  SKIN  9 
T H I C K .  SKIN 1( 
THICK.  SKIN 11 , 
THICK.  SKIN 1: 
Coolant  
I n  P a n e l  
kg  (lbm)
3.2  (7 .1)  I 
4.3  (9 .4)  
I 
1 
3 .2   (7 .1 )  
4 .3   (9 .4)  
3 .2   (7 .1)  
4 .3   (9 .4)  
I 
~ ~ ~~~ 
C o o l a n t   I n  
D i s t r i b u t i o n  
L i n e s  
kg  (lbm)
9 .9   (21 .9)  
9 .6   (21.2)  
1 0 . 1  (22 .2)  
10 .9   (24 .0)  
11.1 (24 .4)  
23.4  (51.5)  
23.3  (51.3)  
24.7  (54.5)  
36 .6   (80 .7)  
28 .0   (61 .8)  
27.5  (60.6)  
31.1  (68.6)  
Coolant  
D i s t r i b u t i o n  
kg  
L i n e s  
(lbm) 
3 .0  
2.9 
3 . 1  
3 . 2  
3.2 
1 7 . 8  
13 .0  
14 .8  
6 2 . 3  
20.2 
1 9 . 3  
26 .7  
2.4 




(5 .3)  
f 
(6 .7 )  
I 




Pumps P e n a l t y  
kg  (lbm)  kg  (lbm) 
0.7  (1.5) 
0 .6   (1 .4)  
2.2  (4.9) 
2 .4   (5 .3)  0 .7   (1 .6)  
2 .3   (5 .1)  0 .7   (1 .5)  
2 .3  (5.0) 0 .7   (1 .5)  
2 . 1   ( 4 . 6 )
5 .3   (11 .7)  
14 .8   (32 .6)  4 .4   (9 .7)  
~ 12.7   (2 .9)   3 .8(8 .3)  
17.9  (3 .4) 
I 
!2.6  (49.9) 
21 .1   (46 .5)   6 .3   (13 .8)  
22.2  (49.0) 6 .6   (14.6)  
76.1  (167.8)  
I 
9 .1   (20 .0 )   30 .5   (67 .2 )  I 
R e s e r v o i r  
kg  ( lbm) 
1 . 0   ( 2 . 1 )  
0 .9   (2 .0)  
1 . 0  (2.1) 
1 .0  (2 .3)  
1 .0  (2 .3 )  
1 .8  (3 .9)  
1 .8  (4.0) 
1 .9   (4 .2 )  
2 .8   (6 .1)  
2 .3   (5 .1)  
2 .3   (5 .1)  
2.5  (5.6) 





23  (50) 
22  (48)
23  (50)  
25  (55) 
25  (55) 
73  (160)
62  (13 ) 
68 (150) 
210  (463) 
90 (199) 
87  (192) 
111 (244) 
FIGURE 38 




Tube  Pitch = 2.54 cm (1.0 
Design  Condition 3 
Tube  Pitch 
Tube  Pitch 
Design  Condition 
Tube  Pitch = 1.91 cm 
Design  Condition 1 
1 Tube  Pitch = 2.54 cm (1 .0  in) 
I I I 1 
0.25  0.50 3 . 7 5  1 . 0 0  
Outer Skin Thickness - cm , , - ,  
d 1 1 I 0 . 1  0 . 2  0 . 3  0 . 4  






BENEFITS  DERIVED BY THICKENING  SKIN  ARE  LIMITED 
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It i n d i c a t e s  t h a t  c o n f i g u r a t i o n s  w i t h  a t u b e  p i t c h  o f  1 . 9 1  cm (0.75 i n )  are con- 
s i d e r a b l y  l i g h t e r  t h a n  t h o s e  w i t h  a t u b e  p i t c h  o f  2.54 cm (1.0 i n )  f o r  D e s i g n  
Condi t ions  2 and 3 .  The e f f e c t  o f  t u b e  p i t c h  a t  Design  Condi t ion 1 w a s  found 
t o  b e  r e v e r s e d ,  b u t  t h e  d i f f e r e n c e  w a s  small. 
Another   t rend   revea led   by   F igure  39 i s  t h e  e f f e c t  o f '  s k i n  t h i c k n e s s .  I n  
Design  Condition 1, i n c r e a s i n g  t h e  s k i n  t h i c k n e s s  a b o v e  t h e  1 . 0 2  mm ( 0 . 0 4  i n )  
a s s o c i a t e d  w i t h  t h e  M o d i f i e d  B a s e l i n e  P a n e l  C o n c e p t  i n c r e a s e s  t o t a l  p a n e l  mass. 
On the  o the r  hand ,  fo r  Des ign  Cond i t ions  2 and 3 ,  t o t a l  p a n e l  mass w i l l  b e  re- 
duced   by   t h i cke r   sk ins ,  up t o   a b o u t  2 . 5 4  mm ( 0 . 1  i n ) .  Beyond t h i s  p o i n t ,  
s t r u c t u r a l  mass i n c r e a s e s  w i l l  b e  g r e a t e r  t h a n  a n y  r e d u c t i o n s  i n  t h e  mass of  
ACS components. 
The c o n s i s t e n t l y  e v i d e n t  t r e n d  i n  F i g u r e  39 t h a t  a n  optimum s k i n  t h i c k n e s s  
w i l l  e x i s t   f o r   D e s i g n   C o n d i t i o n s  2 and 3 is exp la ined   by   F igu re  40.  The  temper- 
a t u r e  d i f f e r e n c e s  shown were based  on  co r re l a t ions  de r ived  f rom the  ComDuter 
a n a l y s e s  c o n d u c t e d  f o r  t h e s e  c o n c e p t s .  
A s  t h e  s k i n  t h i c k n e s s  i n c r e a s e s ,  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  i n  t h e  o u t e r  
sk in  ( f rom a p o i n t  midway between coolant  tubes to  one immediately above the 
coo lan t   ube )   dec reases .   Conver se ly ,   t he   t empera tu re   d i f f e ren t i a l   be tween   t he  
tube  wal l  a n d  t h e  mte r  s k i n  d i r e c t l y  a b o v e  t h e  t u b e  wall  i n c r e a s e s .  When t h e  
summat ion  of  these  tempera ture  d i f fe rences  i s  minimized ,  coolan t  tube  wal l  
tempera tures  are max imized .   Th i s   enhances   t he   po ten t i a l   fo r   convec t ive   hea t  
t r a n s f e r  a n d  m i n i m i z e s  r e q u i r e m e n t  f o r  c o o l a n t  f l o w .  
S i n c e  p a n e l  s t r u c t u r a l  mass i n c r e a s e s  w i t h  i n c r e a s i n g  s k i n  t h i c k n e s s ,  as 
i l l u s t r a t e d  b y  F i g u r e  41, i t  becomes  apparent  tha t  an  optimum p a n e l  t o t a l  mass 
s k i n  t h i c k n e s s  l i m i t a t i o n  is r e a c h e d  q u i c k l y  a n d  b e n e f i t s  t o  b e  g a i n e d  b y  s k i n  
t h i c k e n i n g  are  l i m i t e d .   F i g u r e  4 1  a l s o  shows t h a t  s u r f a c e  p r e s s u r e  h a s  a s i g n i -  
f i c a n t  e f f e c t  on panel  mass b u t  t h a t  p a n e l  h e i g h t  h a s  l i t t l e  e f f e c t .  
The Thickened Skin Concept  panel  geometry and uni t  s t ructural  masses are 
shown i n  F i g u r e  4 2 .  S e l e c t e d  maximum mechan ica l ,   t he rma l ,   and   t o t a l  stresses 
and  margins  of  sa fe ty  are summarized i n  F i g u r e  43.  
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Outer 
Skin Temperature  Midway  Between Tubes, Ts,m 





0 -  
o Thickened  Skin  Concept 
o Design  Condition 1 
o Tube Pitch = 2 . 5 4  cm ( 1 . 0  in) 
o Tube Diameter = 0 . 4 8  cm  (3/16  in) 
Total  Temperature Difference, 
Temperature  Difference  Between  Outer 
Skin  and  Coolant Tube, 
Cemperature 
)if ference  In 
luter Skin, 
rs,m - TSBt 
Outer  Skin  Thickness - cm 
1 1 I I I 
0 0 . 1  0.2 0 . 3   0 . 4  
Outer  Skin  Thickness - in 
FIGURE 40 
THERMALLY  OPTIMUM  SKIN  THICKNESS 
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U l t i m a t e  






P a n e l  
Height 
S t r u c t u r a l  u n i t  mass   inc ludes  o n l y  
t h e  s k i n s ,  t u b e s  a n d  honeycomb core.  
t, = 5 . 0 8  mm (0.2 i n )  
p = 1 . 9 1  cm ( 0 . 7 5  in) 
p r e s s u r e  = 51 .3  kPa 
( 7 . 4 4  l b f / i n 2 )  
tS  = 2.54 mm ( 0 . 1  i n )  
p = 2 .54  cm ( 1 . 0  i n )  
p r e s s u r e  = 29 .9  kPa 






Pzinel Height - cm 
I I 1 I 
0 . 4  a. 8 1 . 2  1.6 
P a n e l  Height - 111 
/ t _  = 5.08 mm ( 0 . 2  i n )  
pa= 2 .54  cm (1.0 i n )  
I I 1 I 
25 5 a  75 1ao 
P r e s s u r e  - kpa 
I I 
4 8 1 2  16 
1 1 
P r e s s u r e  - lhf /In 2 
p = 2 .54  cm (1.0 in) 
p r e s s u r e  = 29.9 kPa 
- 
a 5 1 0  
ts- mm 
a a. 2 0.4 
t - i n  
FIGURE 41 
STRUCTURAL MASS  TRENDS 
Configuration 
THICK. SKIN 1 
THICK. SKIN 2 
THICK. SKIN 3 
THICK. SKIN 4 
THICK. SKIN 5 
THICK. SKIN 6 
THICK. SKIN 7 
THICK. SKIN 8 
THICK. SKIN 9 
THICK. SKIN 10 
THICK. SKIN 11 




2.64  (1.04) 
2.62  (1.03) 
2.69 (1.06) 
2.59 (1.02) 
2.46  (0.97) 


























0.41 (. 016) 
0.48 (.019) 
0.41 (.016) 
1 . 0 2  (.040) 




0.58 (. 023) 


















0.61  (.024) 
6.74  (1 38) 0.56  (.022) 
6.64  (1 36) 0.61  (.024) 
6.64  (1 36)  0.025
6.64  (1 36) 
6.74 ' (1.38)  0 5   ( 023) 
0.56 (.022) 
0.48  (.019) 
6.74  (1.38) 
6.79  (1.39)  0.48  ( 019) 
6.79  (1 3 ) 
0.61  (.024) 
0.51 (.020) 
6.74  (1.38)  0.51  ( 020) 
6.74  (1 38)  0.51  (.020) 
6.64  (1 36) 
6.74  (1 38) 
1 
THICKENED  SKIN  CONCEPT  GEOMETRIES AND  UNIT MASSES 
r t 
C o n f i g u r a t i o n  
and L t e m  
- 
THICK.  SKIN 7 
T h e r m a l  S t r e s s  
Mechan ica l  S t r e s s .  
Max. Compress ion   S t r e s s  
Max. T e n s i o n   S t r e s s  
A l lowab le  Tens ion  S t r e s s  
Min. Margin   o f   Safe ty  
U1 t i m z  
Ou te r  Sk in  
MPa ( l b f / i n  ) 
2 
... ,b 
-15.0  (-2170) 
+ -101.1 (214670) 
-116.1  (-16840) 
101.1  (1467 )  
160.3  (23250) 
I THICK.  SKIN 9 
~ 
Stress 
1 M e c h a n i c a l  S t r e s s  
, Max. Compress ion   S t r e s s  
, Max. T e n s i o n  S t r e s s  
A l l o w a b l e  T e n s i o n  S t r e s s  
1 Min. Margin  of  Safe ty  
THICK.  SKIN 10  
T h e r m a l   S t r e s s  
M e c h a n i c a l  S t r e s s  
Max. Compress ion   S t r e s s  
Max. T e n s i o n   S t r e s s  
A l lowab le  Tens ion  S t r e s s  
Min. Margin   o f   Safe ty  
-16.1  (-2340) 
2 S t r e s s e s  a n d  M a r g i n s  o f  S a f e t y  
I n n e r  S k i n  
MPa ( l b f / i n  ) 2 
3 .1   (450)  
+ 
-155.6  (222570) 
-155.6  (-22570) 
158.7  (23020) 
160.3  (23250) 
+0.01 Tens ion  
8 .6  (1250) 
+ 
-57.5  (28340) I -149.8  (k21720) + 
-73.6  (-10680)  -149.8  (-21720) 
57.5  (8340)  158.4  (22970) I 
160.3  (23250) I 160.3  (23250) 
t 
+0.01 Tens ion  




-156.7  (A22730) 
- 1 1 7 . 2  (-17000) 1 -156.7  (-22730) 
+ 
94.7  (13740)  159.9  (23200) 
160.3  (23250) r 160.3  (23250) 
t 
1 
0 .0  Tens ion  
FIGURE 43 
THICKENED  SKIN  CONCEPT  STRESSES  AND  MARGINS OF  SAFETY 
Tube 
MPa ( l b f / i n 2 )  
43.8  (6350) 
+ -90.3  (213100) 
-90.3 (-131i)O) 
1 3 4 . 1  (19450) 
237.9 (34500) 
102.7  (14900) 
+ -42.8  ( t6210)  
-42.8  (-6210) 
145 .5  (21110) 
237.9 (34500) 
66.1  (9580)  ' 
+ 
-84.0 (212180) 
-84.0 (-12180) ~ 
150.1  (21760) I 
I 
237.9  (34500) I 
Long i tud ina l  t he rma l  stresses i n  a l l  c a s e s  w e r e  compression i n  t h e  o u t , e r  s k i n  
and t e n s i o n  i n  t h e  t u b e s  a n d  i n n e r  s k i n .  A s  w i t h  t h e  M o d i f i e d  B a s e l i n e  P a n e l  
Concep t ,   t he   sk ins  were n o t  c r i t i c a l  in   compress ion .  When t h e   t h e r m a l   t e n -  
s i o n  stresses i n  t h e  t u b e s  a n d  i n n e r  s k i n  w e r e  superimposed on the mechanical  
t e n s i o n  stresses, n e g a t i v e  m a r g i n s  o f  s a f e t y  i n  some cases n e c e s s i t a t e d  r e s i z i n g  
t h e  i n t e r f e r e n c e  h e a t i n g  p o r t i o n s  f o r  p o s i t i v e  m a r g i n s  o f  s a f e t y  a t  t h e  com- 
b ined  stresses. Transverse   thermal  stresses were c a l c u l a t e d  a n d  f o u n d  t o  n o t  
i m p a c t  t h e  p a n e l  mass. The  un i fo rmly  hea ted  po r t ion  o f  t he  pane l s  were 
a n a l y z e d  a n d  t h e  t o t a l  p a n e l  h e i g h t s  t h a t  p r o d u c e d  t h e  minimum t o t a l  s t r u c -  
t u r a l  masses were s e l e c t e d  by t h e  same t y p e  o f  t r a d e - o f f  a n a l y s i s  as f o r  t h e  
Modif ied   Base l ine   Panel   Concept .  The s t r u c t u r a l  p a n e l  mass w a s  c a l c u l a t e d  as 
fo l lows .   Because   t he   t h i ckened   po r t ion   o f   t he   ou te r   sk in  w a s  91.4  cm ( 3 6 . 0  i n )  
i n  l e n g t h  a n d  t a p e r e d  b a c k  t o  0.010 mm ( . 040  i n )  o v e r  two a d d i t i o n a l  30.5 c m  
( 1 2 . 0  i n )  l e n g t h s ,  as shown i n  F i g u r e  3 6 ,  t h e  e f f e c t i v e  l e n g t h  o f  t h e  t h i c k -  
e n e d  p o r t i o n  f o r  mass c a l c u l a t i o n s  w a s  121 .9  cm (48 .0  i n ) .  The i n c e r  s k i n  
t h i c k n e s s e s  r e q u i r e d  f o r  t h e  i n t e r f e r e n c e  h e a t i n g  c o n d i t i o n s  were assumed t o  
extend 61.0 c m  ( 2 4 . 0  i n )  each  s ide  o f  t he  nomina l  l ocus  o f  peak  hea t ing  fo r  
a t o t a l  l e n g t h  o f  1 2 1 . 9  cm ( 4 8 . 0  i n ) ,  t h e  same as t h e  e f f e c t i v e  w i d t h  o f  t h e  
t h i c k e n e d   o u t e r   s k i n .   T h e r e f o r e ,   t h e   a r e a   d e s i g n e d   f o r   i n t e r f e r e n c e   h e a t i n g  
w a s  1.86 m2 ( 2 0  f t  ) and  the  area d e s i g n e d  f o r  u n i f o r m  h e a t i n g  w a s  7.43  m 2 2 
( 8 0  f t L ) .  The t o t a l  s t r u c t u r a l  p a n e l  masses shown i n  F i g u r e  37 were ca lcu-  
l a t e d  b y  m u l t i p l y i n g  t h e  u n i t  masses of  F igure  4 2  times t h e  a r e a s  d e r i v e d  
above   and   adding   the  mass o f   t h e   m a n i f o l d s   a n d   j o i n t   m a t e r i a l s .  The 
l a t t e r  were t h e  same as f o r  t h e  b a s e l i n e  p a n e l ,  33.7 kg ( 7 4  l b m ) .  
4.3.3 In te rmedia te   Mani fo ld   Concept  - This   concept  is one   o f   t he   t h ree  
s tud ied  (a long  wi th  the  Branched  Tubes  and  the  Separa te  Panels  Concepts )  t o  
e v a l u a t e  i n c r e a s i n g  t h e  number  of  tubes i n  t h e  r e g i o n  e x p o s e d  t o  i n t e , r f e r e n c e  
hea t ing .   Fo r   each   o f   t hese   concep t s ,  i t  w a s  n e c e s s a r y  t o  d e f i n e  a l o c a t i o n  f o r  
t h e  t r a n s i t i o n  i n  t u b e  s p a c i n g .  
Nomina l ly ,  t he  locus  o f  peak  hea t ing  is 1 . 2 2  m ( 4  f t )  f rom the  coo lan t  
e x i t  end of t h e  p a n e l  a n d  i n c r e a s e d  h e a t i n g  e x t e n d s  o v e r  a band  0.91 m ( 3  f t )  
wide.   However ,   a l lowing  for  a s h i f t  i n  p e a k  h e a t i n g  o f  0 . 3  m (1 f t )  i n  e i t h e r  
d i r e c t i o n ,  i n c r e a s e d  h e a t i n g  c a n  o c c u r  a.s f a r  as 1 .98  m ( 7 8  i n )  f r o m  t h e  e x i t  
end. It w o u l d  b e  a d v a n t a g e o u s  t o  l o c a t e  t h e  d i v i s i o n  l i n e  a t  a suppor t .  
S i n c e  a s t r u c t u r a l  s u p p o r t  is l o c a t e d  2.03 m (80  in)  f rom the  end  of  the  pane l ,  
t h i s  l o c a t i o n  w a s  s e l e c t e d ,  as shown i n  F i g u r e  4 4 .  
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/ - N o m i n a l  Locus of Peak Heating, 1.22 m (4 ft) from End of Panel 
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I I  
I I  1.52 m 
(60 in.) 
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4.06 m (160 in.) 
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FIGURE 44 
SELECTION  OF  TRANSITION  LOCATION  FOR  INTERMEDIATE  MANIFOLD, 
BRANCHED  TUBES,  AND SEPARATE  PANELS  CONCEPTS 
c 
F i g u r e  45 d e f i n e s  t h e  g e o m e t r y  a n d  c h a r a c t e r i s t i c s  a s s u m e d  f o r  t h e  I n t e r -  
mediate  Manifold  Concept.   Coolant  f low  would  be  routed  through  the  uniformly 
h e a t e d  s e c t i o n  a n d  m e r g e d  i n  a manifold 2.03 m (80 i n )  f r o m  t h e  c o o l a n t  exi t  
end of t h e  p a n e l .  The f low  wou ld   t hen   be   r ed i s t r ibu ted   t o   t he   more   c lose ly  
spaced  tubes  downstream. Tube s p a c i n g  i n  t h e  u n i f o r m l y  h e a t e d  s e c t i o n  was 
assumed f ixed a t  2 . 5 4  c m  (1.0 i n ) ,  b a s e d  on t h e  b a s e l i n e  p a n e l  a n a l y s e s ,  a n d  
1 . 9 1  c m  -.(O. 75 in )  i n  the  downs t r eam reg ion .  Thus  , t h e  c o o l a n t  mass flow i n  
each downstream tube-would be 75 p e r c e n t  t h a t  o f  e a c h  u p s t r e a m  t u b e .  
Data g e n e r a t e d  d u r i n g  t h e  b a s e l i n e  p a n e l  a n a l y s e s  were u s e d  t o  e s t a b l i s h  
t r e n d s  o f  c o o l a n t  t e m p e r a t u r e s  a t  t h e  d i v i s i o n  l i n e ,  as a f u n c t i o n  o f  t u b e  
diameter  and f low rate .  The   coolan t   pane l   thermal   model  w a s  modi f ied   to   s imu-  
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INTERMEDIATE  MANIFOLD  CONCEPT  DEFINITION 
t h e  f l o w r a t e s  n e c e s s a r y  t o  l i m i t  o u t e r  s k i n  t e m p e r a t u r e s  t o  394 K (25O0F) were 
determined.  The conve rged   conf igu ra t ions  are summarized i n  F i g u r e  46 and  the  
a s s o c i a t e d  ACS component masses p r e s e n t e d  i n  F i g u r e  47.  
For  Des ign .Condi t ion  1, 0 . 4 8  and 0 . 6 4  cm ( 3 / 1 6  and 1 / 4  i n )  t u b e s  were 
c o n s i d e r e d  i n  b o t h  r e g i o n s  o f  t h e  p a n e l .  I f  t h e  l a r g e r  t u b e s  are  u s e d  i n  b o t h  
reg ions ,   f low  requi rements   in   the   downst ream  reg ion   would   be   increased .   This  
would r e s u l t  i n  l a r g e r  o v e r a l l  p a n e l  p r e s s u r e  d r o p s ,  e v e n  t h o u g h  p r e s s u r e  
d rops   i n   t he   downs t r eam  sec t ion   wou ld   be   r educed .  A s  shown i n  F i g u r e  47 t h i s  
would  produce a s i g n i f i c a n t  ACS componen t .mass  inc rease  (Conf igu ra t ions  3 and 
4 ) .  In   any  case, s i n c e  i t  is n o t   p r o b a b l e   t h a t  a 1 . 9 1  c m  (0 .75  i n )   t ube   spac -  
i n g  c o u l d  b e  a t t a i n e d  w i t h  0.64 c m  ( 1 / 4  i n )  t u b e s ,  o n l y  t h e  smaller tubes  were 
c o n s i d e r e d  i n  s u b s e q u e n t  a n a l y s e s  o f  t h e  d o w n s t r e a m  s e c t i o n .  W i t h  t h e  smaller 
t u b e s ,  a flow  of 1 2 . 0  g / s  ( 9 5  l b m / h r )  w o u l d  m a i n t a i n  a c c e p t a b l e  s t r u c t u r a l  
t empera tu res   i n   t he   downs t r eam  r eg ion .   However ,   w i th   l a rge r   t ubes '   i n   t he  
u p s t r e a m  s e c t i o n  ( C o n f i g u r a t i o n  2 ) ,  c o o l a n t  f l o w  m u s t  i n c r e a s e  t o  m a i n t a i n  
accep tab le  t empera tu res  in  the  un i fo rmly  hea ted  r eg ion .  
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C o n f i g u r a t i o n  
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Note: A l l  c o n f i g u r a t i o n s  
h a v e  o u t e r  s k i n  
t h i c k n e s s  = 1.02 II 













f S e c t i o n  ExDosed t o  I n t e r f e r e n c e  H e a t i n n  Tube Diameter 
c m  ( i n )  
0 .48  (3/16)  
0.48  (3/16) 
0 .64  (1/4)  
0.64  (1/4) 
0.48  (3/16) 
I 
I 
0.48  (3/16) 
Conf igu ra t io r  
INT.  MAN. 1 
INT.  MAN. 2 
INT. MAN. 3 
INT.  MAN. 4 
IIJT. ElAM. 5 
INT. MAN. 6 
INT. MAN. 7 
INT. MAN. 8 
INT.  MAN. 9 
INT. MAN. 10 
Coolant  
Flow/Tube 
g / s   ( l b m / h r :  
12.0  (95) 
12.4  (98) 
15.8  (125) 




89.5  (710) 
I '  




393  (248) 
394 (250) 
394  (250) 
394  (250) 
394 I (250) 
To t a l  
P a n e l  
Ap 2 kPa ( l b f / i n  ) 
262 (38)  
110 (16)  
338 (49)  







r Uniformly  Heated  Sec t ion  
Tub e 
Diameter 
cm ( i n )  
0.48  (3/16) 
0.64  (1/4) 
0.48  (3/16) 
0 .64   (1 /4)  
0.48  (3/16) 
0.64  (1/4) 
0 .95  (3/8)  
0.48  (3/16) 
0 .64  (1/4)  
0 .95  (3/8)  
Pane l  
S t r u c t u r a l  
Mass 
kg  (Ibm) 

















Coolant   F?ow/Tube 
g / s   ( l b m / h r )  
16.0  (127) 
16.4  (130) 
21.1  (167) 
2 1 . 1  (167) 
52.1  (413) 
1 
119.4  (947) 
T o t a l  
Mass 
kg  (Ibm) 
120  (265)  
1 2 4  (273) 
127  (280) 
129  (285) 
179  (395) 
161  (356)  
172  (379) 
393  (866) 
251  (554) 
2 4 1  (532) 
Max. S t r u c t .  
Temp. 
K (OF) 
378  (220) 
394  (250) 
363  (194) 
380  (225) 
331  (137) 
346  (163) 
346  (164) 
348  (167) 
355  (180) 
363  (194) 
FIGURE 46 
INTERMEDIATE  MANIFOLD  CONCEPT  CONFIGURATIONS 
1 
: on f igu ra t ion  
INT. MAN. 1 
INT. MAN. 2 
INT. MAN. 3 
INT. MAN. 4 
INT. MAN. 5 
INT. MAN. 6 
INT. MAN. 7 
INT. MAN. 8 
INT. MAN. 9 
INT. MAN. 1 C  
1- 
' Coolant i n  
Coolant ' D i s t r i b u t i o r  
i n  P a n e l  
kg  (lbm) 
3.5 (7.8) 




6 .1  (13.4) 
14.0 (30.8) 
3.5 (7.8) 
6 .1  (13.4) 
14.0 (30.8) 
L ines  
kg  (lbm)
8.7 (19.1) 
8 .8  (19.5) 
10.9 (24.0) 
10.9 (24.0) 
22.5  (49. ) 
1 
1 
41.8  (92.2) 
Coolant , 
D i s t r i b u t i o n ,  Heat 
L ines  ~ Exchanger 
kg  (lbm)  kg  (lbm) 
2.5  (5.5) 
2.3  (5.0
3.3  (7.2) 
2.8  (6.1) 
17.2 (38.0) 





I- 2.4  (5.3) 1 
3.0  (6.7) 
1 




k g 0  kg  (lbm)kg  (lbm)Pumps 
Rese rvo i r  P e n a l t y  
0.5 (1.1)! 
1.2  (2.6)  2.0  (4.3) 0.6  (1.3) 
1.0 (2.3) 2.4  (5.3)  0.7  (1.6) 
1 .0  (2.1) 1.6  (3.5)  0.5  (1.0)'  
0.8  (1.7) 1.7 (3.8) 
5.1  (11.2) 1 7 . 1  (37.7) 1.6  (3.6) 
2.3  (5.1) 7.8 (17.2)  1.8(3.9) 
2.0  (4.4)  2.3  (5.0)  6.8  (14.9) 
33.6 (74.1)113.0(249.1) 2.9  (6.3) 
12 .7  (28.1) 42.8  (94.4)  3.0  (6.7) 
9.h  (21.2)  32.3  (71.2) 3.5  (7.7) 

















ACS  COMPONENT  MASSES - INTERMEDIATE  MANIFOLD  CONCEPT 
For Design Condit ions 2 and 3 'only 0.48 cm' (3 /16  in )  t ubes  were consid-  
e red   for   the   downst ream  sec t ion .   However ,   wi th   the   h igh   coolan t   f low  requi re -  
ments a t  these  cond i t ions ,  t ube  d i - ame te r s  as l a r g e  as 0.95 c m  ( 3 / 8  i n )  were 
c o n s i d e r e d  i n  t h e  u p s t r e a m  r e g i o n  t o  h o l d  o v e r a l l  p a n e l  p r e s s u r e  d r o p s  t o  
a c c e p t a b l e  levels. A s  shown i n  F i g u r e  4 7 ,  t h e  mass o f  t h e  ACS components   for  
Design Condit ion 2 would be minimized with 0.64 cm ( 1 / 4  i n )  t u b e s  w h i l e ,  f o r  
Design Condit ion 3, a s a v i n g s  w o u l d  b e  r e a l i z e d  w i t h  0.95 c m  ( 3 / 2  in) t c b e s  
i n  t h e  u p s t r e a m  s e c t i o n  o f  t h e  p a n e l .  
Tube s i z e  a n d  p i t c h ,  s k i n  t h i c k n e s s ,  p a n e l  h e i g h t  a n d  s t r u c t u r a l  l o a d i n g  
had a l l  b e e n  e v a l u a t e d  i n  t h e  M o d i f i e d  Baseline Pane l  Concep t  and  base l ine  
p a n e l   a n a l y s e s .   F i g u r e  48 shows the  Intermediate   Manifold  Concept   panel   geo-  
m e t r y  a n d  u n i t  s t r u c t u r a l  masses. S i n c e  t h e  d i v i s i o n  l i n e  b e t w e e n  t h e  geome- 
t r i c a l l y  d i f f e r e n t  r e g i o n s  w a s  d e f i n e d  i n  F i g u r e  4 4 ,  areas of 3.10 m ( 3 3 . 3 3  
f t  ) and 6.20 m (66.67 f t  ) were c o n s i d e r e d  f o r  t h e  i n t e r f e r e n c e  h e a t i n g  a n d  
u n i f o r m   h e a t i n g   s e c t i o n s   r e s p e c t i v e l y .   T h e   o n l y  new c o n s i d e r a t i o n   i n   p a n e l  
s t r u c t u r a l  mass invo lved  the  mass a l l o w a n c e  f o r  m a n i f o l d s ,  f i t t i n g s ,  b u s h i n g s ,  
sp l i ce   p l a t e s ,   and   a t t achmen t s .   Because  an a d d i t i o n a l   m a n i f o l d  is incorpora-  
t e d ,  t h i s  mass i nc reased  by  2 .27  kg (5 lbm) , t o  35.8  kg  (79  lbm). 
L 
2 2 2 
me thermodynamic advantages of  the Intermediate  Manifold Concept  are  
e v i d e n t  i n  t h e  r e g i o n  of i n c r e a s e d  h e a t i n g  w h e r e  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  
c o e f f i c i e n t s  w i t h i n  t h e  t u b e s  are c o n s i d e r a b l y  h i g h e r  t h a n  o b t a i n a b l e  w i t h o u t  
the   mani f   o ld .  
The c a l c u l a t e d  m a g n i t u d e  o f  t h e  
by  the  expres s ion  used  to  de t e rmine  
i n  S e c t i o n  3 . 2 ,  t h e  e x p r e s s i o n  u s e d  
h e a t  t r a n s f e r  c o e f f i c i e n t  i s  i n f l u e n c e d  
l a m i n a r   f l o w   c o e f f i c i e n t s .  A s  mentioned 
i s  as f o l l o w s :  
where C = 10.55  (1.86) L 
I f  t h e  c o o l a n t  were d i s p e r s e d  i n t o  t h e  t u b e s  j u s t  u p s t r e a m  of t h e  r e g i o n  o f  
i n c r e a s e d  h e a t i n g  f r o m  t h e  i n t e r m e d i a t e  m a n i f o l d ,  t h e  c h a r a c t e r i s t i c  f l o w  
l e n g t h  (L) would   be   g rea t ly   reduced .   Examinat ion   of   the   hea t   t ransfer   coef -  
f i c i e n t  e x p r e s s i o n  shows t h a t ,  f o r  t h e  same Reynolds Number w i t h  a l a rge  r educ -  
' t i o n  i n  f l o w  l e n g t h  ( L ) ,  t he  l amina r  f low Nusse l t  Number w o u l d  b e  s i g n i f i c a n t l y  
increased .  
76 
:onfiguration 
[NT. MAN. 1 
LN T .  MAN. 2 
INT. MAN. 3 
INT. MAN. 4 
INT. MAN. 5 
INT. MAN. 6 
INT. MAN. 7 
INT. MAN. 8 
INT. MAN. 9 
L N T .  MAN. 10 
Panel 
Height 
cm  (in) 
2.59 (1 .02)  
2.59 ( 1 . 0 2 )  
2.69 ( 1 . 0 6 )  
2.69 ( 1 . 0 6 )  
3.58 (1 .41)  
3.58 ( 1 . 4 1 )  
3.58 ( 1 . 4 1 )  
2.97 ( 1 . 1 6 )  
2.87 ( 1 . 1 6 )  





29.9 ( 4 . 3 4 )  
29.9 ( 4 . 3 4 )  
29.9 ( 4 . 3 4 )  
29.9 ( 4 . 3 4 )  
97.9 ( 1 4 . 2 )  
97.9 ( 1 4 . 2 )  
97.9 ( 1 4 . 2 )  
5 1 . 3  ( 7 . 4 4 )  
51 .3  ( 7 . 4 4 )  










1 .52  
1.52 
1.52 
1 .07  
1.07 
1.07 
(. 0 3 4 )  
( .034)  
( . 030 )  
(. 0 3 0 )  
(. 060)  
(. 0 6 0 )  
(. 060)  
(. 0 4 2 )  
( .042)  





7 .57   (1 .55 )  
7 . 5 7   ( 1 . 5 5 )
7 . 8 1   ( 1 . 6 0 )
7 . 8 1   ( 1 . 6 0 )
9 . 8 6   ( 2 . 0 2 )
9 .86   (2 .02 )  
9 . 8 6   ( 2 . 0 2 )
8 .30   (1 .70 )
8 .30   (1 .70 )  
8 .30   (1 .70 )
1- Uniform H 




0 .53  
0 . 6 1  
0 .51  
0 .53  
0.46 
0 . 4 1  
0 .58  
0.48 
0.41 
(. 0 2 5 )  
( * 0 2 1 )  
(. 0 2 4 )  
(. 0 2 0 )  
( *  0 2 1 )  
(, 018) 
(. 0 1 6 )  
( , 023 )  
( . 0 1 9 )  
(. 0 1 6 )  
INTERMEDIATE  MANIFOLD  CONCEPT  GEOMETRIES AND  UNIT  MASSES 
ating Area 
Structural 
Unit Mass ~ 
kg/mL (lbm/ftL) 
6.64 ( 1 . 3 6 )  
6 .79  ( 1 . 3 9 )  
6 .64  ( 1 . 3 6 )  
6 .74 (1 .38)  
6.88 ( 1 . 4 1 )  
6.93 ( 1 . 4 2 )  
7 . 7 1  ( 1 . 5 8 )  
6.64 ( 1 . 3 6 )  
6.79 ( 1 . 3 9 )  
7.27 ( 1 . 4 9 )  
1 
F i g u r e  42 w a s  p r e p a r e d  t o  i l l u s t r a t e  t h i s  e f f e c t  f o r  t y p i c a l  d e s i g n  con- 
d i t i o n .   L a m i n a r   f l o w   h e a t   t r a n s f e r  i s  shown t o  b e  q u i t e  s e n s i t i v e  t o  t h e  
l o c a l  f l o w  c h a r a c t e r i s t i c , l e n g t h ,  w h i l e  t u r b u l e n t  f l o w  h e a t  t r a n s f e r  is n o t .  
For most of :he cases a n a l y z e d  d u r i n g  t h i s  s t u d y ,  t h e  f l o w  i n  t h e  d o w n s t r e a m  
r e g i o n  o f  t h e  p a n e l  w o u l d  b e  t r a n s i t i o n a l  b u t  n e a r e r  t o  l a m i n a r  t h a n  t u r b u l e n t  
f low.  
A s  . i n d i c a t e d  i n  F i g u r e  4 9 ,  h e a t  t r a n s f e r  i n  t h e  t r a n s i t i o n a l  r e g i o n  was 
p red ic t ed  by  loga r i thmic  in t e rpo la t ion  be tween  the  last  l a m i n a r  a n d  f i r s t  
t u r b u l e n t   v a l u e s .  It c a n   b e   s e e n   t h a t ,   i n   t h e   r e g i o n   o f   i n t e r e s t ,   h e a t   t r a n s -  
f e r ,  a t  a spec i f i ed  Reyno lds  Number, i s  q u i t e  s e n s i t i v e  t o  t h e  c h a r a c t e r i s t i c  
l e n g t h   o f   l a m i n a r   f l o w .   T h e r e f o r e ,   t e ' c h n i q u e s   t h a t   e f f e c t i v e l y   r e d u c e   t h i s  
c h a r a c t e r i s t i c  f l o w  l e n g t h  w o u l d  b e  e x p e c t e d  t o  r e s u l t  i n  i m p r o v e d  h e a t  t r a n s -  
f e r .  
4.3.4  Branched  Tubes  Concept - AS shown in Figure  50, t h i s   c o n c e p t  is 
based  on d i r e c t i n g  t h e  f l o w  f r o m  e a c h  t u b e  i n  t h e  u p s t r e a m  s e c t i o n  i n t o  two 
t u b e s   i n   t h e . d o w n s t r e a m   s e c t i o n .   P r e v i o u s   a n a l y s i s   h a d  shown t h a t   1 . 9 1  cm 
(0.75 i n )  t u b e  s p a c i n g  i s  r e q u i r e d  i n  t h e  r e g i o n  e x p o s e d  t o  i n t e r f e r e n c e  h e a t -  
i n g   f o r   a d e q u a t e   h e a t   t r a n s f e r .   T h i s   d i c t a t e d   3 . 8 1  cm (1.5 i n )   t u b e   s p a c i n g  
i n  t h e  u p s t r e a m  r e g i o n  o f  t h e  p a n e l .  V a r i o u s  t u b e  d i a m e t e r s  were i n v e s t i g a t e d .  
The ana ly t i ca l  t echn iques  used  to  eva lua te  the  Branched  Tmhe-~ aonfrwar7- 
t i o n s  were similar t o  t h o s e  d e s c r i b e d  f o r  t h e  I n t e r m e d i a t e  M a n i f o l d  c o n f i g u r -  
a t i o n s   e x c e p t   f o r   o n e   m a j o r   d i f f e r e n c e .  The l a m i n a r   f l o w   c h a r a c t e r i s t i c  
l e n g t h s  f o r  t h e  d o w n s t r e a m  s e c t i o n  were measured  f rom the  coo lan t  i n l e t  end  
of   the   pane l .   This  was c o n s i d e r e d  t o  b e  r e a l i s t i c  s i n c e  i t  is  improbable 
tha t  the  f low which  has  ceased  to  be  laminar  would  rever t  back  to  laminar  
as a r e s u l t  o f  b r a n c h i n g .  
The s i g c i f i c a n c e  .of t h i s  assumption i s  shown i n -  F i g u r e  49., F o r  t h e  same 
Reynolds Number cond i t ion  in  the  downs t r eam sec t ion  o f  t he  pane l ,  t he  Branched  
T u b e s  C o n c e p t s  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  were n o t  as good as t h o s e  f o r  t h e  




3x10' 1x10 3 Sx103  1x10 4 5x10 ' 4  
Reynolds  Number 
FIGURE 49 
LAMINAR  FLOW  CHARACTERISTIC  FLOW  LENGTH  INFLUENCES  HEAT  TRANSFER 
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1.91 cm 
(0.75 in.) Section Exposed to 
Interference Heating 
Spacing Tube 1-2.03 m (80 in.) I ,  4.06 m (160 in.) 
3.81 cm 
















BRANCHED  TUBES  CONCEPT  DEFINITION 
C o n v e r g e d  d e s i g n  s o l u t i o n s  f o r  t h e  a l l o w a b l e  s t r u c t u r a l  t e m p e r a t u r e  are 
summarized  by  Figure 51. ACS component masses a re  p r e s e n t e d   i n   F i g u r e  52 .  A t  
Design Condit ion 1, the  Branched  Tubes  Concept  to ta l  pane l  mass i s  n o t  s e n s i -  
t i v e  t o  t h e   t u b e   d i a m e t e r   i n   t h e   u p s t r e a m   r e g i o n .  However, a t  Design  Condi- 
t i o n s  2 and 3 ,  t h e   u p s t r e a m   t u b e   s i z e   d e f i n i t e l y   i m p a c t s   p a n e l  mass. A t  b o t h  
c o n d i t i o n s ,  mass i s  reduced as ups t ream  tube   d iameter  i s  en la rged .   Th i s   t r end  
i s  a t t r i b u t a b l e  t o  t h e  l a r g e  p r e s s u r e  d r o p s  e n c o u n t e r e d  i n  t h e  u p s t r e a m  t u b e s  
as a r e s u l t  o f  t h e  c o o l a n t  f l o w  r e q u i r e m e n t s  a t  the  wide  tube  spac ing  assumed.  
Tubes  even  la rger  than  0.95 cm ( 3 1 8  i n )  cou ld  be  employed  in  the  ups t r eam 
r e g i o n   t o   f u r t h e r   r e d u c e   t h e   t o t a l  mass. However, a cursory   examinat ion  re- 
vea led  tha t  improvements  rea l ized  wi th  s t i l l  l a r g e r  t u b e s  r a p i d l y  become 
n e g l i g i b l e .  
The Branched  Tubes  Concept, l i k e  t h e  I n t e r m e d i a t e  M a n i f o l d  C o n c e p t ,  d i d  
n o t  i n t r o d u c e  a n y  s t r u c t u r a l  c o m b i n a t i o n s  o f  t u b e  s i z e  a n d  p i t c h ,  s k i n  t h i c k -  
nes ses ,   pane l   he igh t s   and   l oad ing   no t   p rev ious ly   ana lyzed .  The Branched  Tubes 
Concep t   pane l   geomet ry   and   un i t   s t ruc tu ra l  masses a re  shown i n  F i g u r e  53. The 
areas c o n s i d e r e d  f o r  t h e  i n t e r f e r e n c e  h e a t i n g  a n d  u n i f o r m  h e a t i n g  s e c t i o n s  were 
80 
-1 Sec t ion   Exposed   t o   In t e r f e rence   Hea t in !  1 
DeIsign Diameter 
Conf igu ra t ion   Cond i t ion   ( i n )  
BR. TUBES 1 
BR. TUBES 2 
BR. TUBES 3 
BR. TUBES 4 
BR. TUBES 5 
BR. TUBES 6 
BR. TUBES 7 
BR. TUBES 8 
0 . 4 8   ( 3 / 1 6 )  
I 
0.48 ( 3 / 1 6 )  
0 . 4 8   ( 3 / 1 6 )  
Note: All c o n f i g u r a t i o n  
have  ou te r  sk in  
t h i c k n e s s  = 1.02 
BR. TUBES 1 
BR. TUBES 2 
BR. TUBES 3 
BR. TUBES 4 
BR. TUBES 5 
BR. TUBES 6 
BR. TUBES 7 
BR. TUBES 8 
Coolant  
Flow/Tube 
g / s   ( l bm/h r )  
17 .0   (135 )  
I 
51.0 ( 4 0 5 )  
1 
I 93.3 ( 7 4 0 )  





394 ( 2 5 0 )  
I 
I 





Tube Coolant  
Diameter Flow/Tube 
cm ( i n )  g / s ( lbm/hr)  
0.48 ( 3 / 1 6 )  34 .0   (270)  
0.64 (1/&) t 
0 . 4 8   ( 3 / 1 6 )   0 2 . 1   ( 8 0 )  
0 . 6 4   ( 1 / 4 )  
0.95 ( 3 / 8 )  I 
0.48 ( 3 / 1 6 )   1 8 6 . 6   ( 1 4 8 0 )  
0 . 6 4   ( 1 / 4 )  
0.95 ( 3 / 8 )  I 
T o t a l  
S t r u c t u r a l   P a n e l  
Panel  
kPa /lP ( l b f / i n  2 + = ? i m  ) 
848   (123 )  
98   (216 )214  (31)  
98 ( 2 1 5 )  
6200  (899)   106  (234)
2440   (35 )   107   (236 )  
1235   (179 )  108   (238 )  
8800  (2727)  100 ( 2 2 0 )  
4805   (697 )  101 ( 2 2 2 )  





26 ( 5 8 )  
25 ( 5 6 )  
125   (276 )  
8 1   ( 1 7 8 )  
72   (158 )  
474 (1044)  
181 ( 3 9 9 )  
138  ( 3 0 5 )  
1 2 4  ( 2 7 3 )  
1 2 3  ( 2 7 2 )  
231 ( 5 1 0 )  
188 ( 4 1 4 )  
1 8 0  ( 3 9 6 )  
573  (1264)  
282   (6 1 )  
240   (529 )  
FIGURE 51 
BRANCHED TUBES CONCEPT  CONFIGURATIONS 
Conf igu ra t ion  
BR.  TUBES 1 
BR. TUBES 2 
BR. TUBES 3 
BR. TUBES 4 
BR. TUBES 5 
BR.  TUBES 6 
BR. TUBES 7 
BR. m B E S  8 
Coolant 
i n  P a n e l  
kg  (lbm) 
2.9  (6 .3)  
4 .5   (10.0)  
2.9  (6.3) 
4.5  (10.0) 
9 .8   (21.6)  
2.9  (6.3) 
4 .5   (10.0)  
9.8  (21.6) 
C o o l a n t  i n  
I i s t r i b u t i o n  
L ines  
kg  (lbm) 
1 1 . 2  (24 .6)  
I 
27.3  (60.2) 
42.1  (92.9)  
Coolant  
D i s t r i b u t i o n  
L i n e s  
kg  (lbm) 
4.4 (9 .6)  
3 . 1  (6 .8)  
37.2  (82.0) 
18 .6   (41 .0)  
12.6  (27.8) 
153.8(339.0) 
46.8(103.1) 
29.2  (64.3) 
Heat 
Exchanger 
kg  (Ibm) 
2.4  (5.3) 
1 
3.0  (6 .7)  
1 
1 
6.6  (14.5) 
Pump s 
kg  (lbm) 
1.1 (2 .4 )  
0 .7   (1 .6)  
1 2 . 1  (26 .7)  
5 .8   (12 .8)  
3.8  (8.4) 
60.8(134.1) 
17.9  (39.5) 
10.8  (23.9)  
Pumping 
Power 





19 .5  (43.1) 
12 .8  (28.2) 
204.6  (451.1) 
60.2  (132.8) 
36.5  (80.4) 
Reservoir 
kg  (lbm) 
0.9  (2.0) 
1 .0   (2 .2)  
1 .9   (4 .2)  
2.0  (4.5) 
2.4  (5.2) 
2 .9   (6 .3)  
2.9  (6.5) 
3 .3   (7 .2)  
T o t a l  ACS 
Components 
Mass 










;, Panel  I Ultimate 
b 
In 
,q 1 cm ( i n )  ~ kPa ( l b f / i n L )  Confi u r a t i o n  Height  ' P r e s s u r e  
I BR. TUBES 1 
BR. TUBES 2 
BR. TUBES 3 
BR. TUBES 4 
BR. TUBES 5 
BR. TUBES 6 
BR. TUBES 7 
BR. TUBES 8 
2.59 ( 1 . 0 2 )  
2.59 ( 1 . 0 2 )  
3.58 (1 .41 )  
3.58 ( 1 . 4 1 )  
3 .58 ( 1 . 4 1 )  
2.97 (1.17) 
2.97 ( 1 . 1 7 )  
2.97 (1 .17 )  
29.9 ( 4 . 3 4 )  
29.9 ( 4 . 3 4 )  
97.9 ( 1 4 . 2 )  
97.9 ( 1 4 . 2 )  
97.9 ( 1 4 . 2 )  
51.3 ( 7 . 4 4 )  
51.3 ( 7 . 4 4 )  
51 .3  ( 7 . 4 4 )  
e r f e r e n c e  H e a t i n g  
Inne r  Sk in  
Thickness  
mm ( i n )  
0.86 ( . 0 3 4 )  
0.86 (. 0 3 4 )  
1 . 5 2  ( . 0 6 0 )  
1 .52  (. 0 6 0 )  
1 .52  ( . 0 6 0 )  
1 .07  ( . 0 4 2 )  
1.07 (. 0 4 2 )  
1.07 ( . 0 4 2 )  
FIGURE 53 
Area  Uniform H 
, I n n e r  Skin 
i 
S t r u c t u r a l  
Uni t  Mass 
kglmL ( l b f / f t L )  
7.57 ( 1 . 5 5 )  
7.57 ( 1 . 5 5 )  
:t 
9.86 ( 2 . 0 2 )  
9 .86 ( 2 . 0 2 )  
9.86 ( 2 . 0 2 )  
8.30 ( 1 . 7 0 )  
8.30 ( 1 . 7 0 )  
8 .30 ( 1 . 7 0 )  
Thickness  
mm ( i n )  
0 .71  (. 0 2 8 )  
0 .66  ( . 0 2 6 )  
0 .61  ( .024 )  
0.53 ( . 0 2 1 )  
0 .43 (.017) 
0.66 (.026) 
0 .58  ( .023 )  
0 .48 (. 0 1 9 )  
Lting Area 
S t r u c t u r a l  
Uni t  Mass 
kg/& ( l b f  / f  t z )  
6.54 ( 1 . 3 4 )  
6.59 (1 .35 )  
6.79 ( 1 . 3 9 )  
6.88 ( 1 . 4 1 )  
7.03 ( 1 . 4 4 )  
6.54 (1 .34 )  
6 .64 ( 1 . 3 6 )  
6 .79 ( 1 . 3 9 )  
BRANCHED TUBES CONCEPT  GEOMETRIES AND  UNIT  MASSES 
03 
W 
3.10 m ( 3 3 . 3 3  f t  ) and 6.20 m2 (66.67 f t  ) r e s p e c t i v e l y .   D e s i g n   c o n s i d e r a t i o n s  2 2 2 
p r o v i d i n g  f o r  t u b e  b r a n c h i n g ,  as i n d i c a t e d  i n  F i g u r e  5 0 ,  were examined t o .  , 
d e t e r m i n e  t h e i r  e f f e c t  o n  p a n e l  mass. T h e  d e s i g n  s e l e c t e d  was a formed  and 
welded "Y" a t  each  b ranch  wi th  the  same "D" c r o s s  s e c t i o n  as the   tubes .   'The  
mass c a l c u l a t e d  f o r  t h e s e  Y ' s  was less t h a n  0.45 kg (1.0 lbm) g r e a t e r  t h a n  t h e  
l i n g t ' h s  o f . .  t u b e s .  t h e y  r e p l a c e d  a n d  was , t h e r e f o r e ,  n e g l e c t e d .  T h e  mass o f  t he  
man i f ,p lds  and  jo in t  materials w a s  t h e  same as f o r  t h e  M o d i f i e d  B a s e l i n e  P a n e l  
Concept, 3 3 . 7  kg ( 7 4 . 0  lbm). 
. . -  
. .. . .  . 
. 4 . 3 . 5  S e p a r a t e   P a n e l s  I. Concept - F i g u r e  5 4  i l l u s t r a t e s   t h a t   t h i s   c o n c e p t  
i s  t h e  same as the  In t e rmed ia t e  Man i fo ld  Concep t  i n  r ega rd  to  tube  spac ing  in  
t h e  two s e c t i o n s ,  b u t  t h e r e  is a d i s t i n c t  s t r u c t u r a l  d i v i s i o n  b e t w e e n  t h e  sec- 
t i o n s . I n  b o t h  t h e  b a s i c  a n d  a l t e r n a t e  c o n f i g u r a t i o n s ,  s e p a r a t e  c o o l a n t  i n l e t  
a n d  e x i t  m a n i f o l d s  are p r o v i d e d  f o r  e a c h  p a n e l .  
Each p a n e l  wou ld   be   supp l i ed   w i th  283 K (50'F) c o o l a n t .  The f low  r equ i r e -  
ments were d e t e r m i n e d  i n d i v i d u a l l y  t o  l i m i t  e a c h  p a n e l  t o  394 K (250'F). 
The b a s i c  S e p a r a t e  P a n e l s  c o n f i g u r a t i o n  r e t a i n s  t h e  same t u b e  o r i e n t a t i o n  
employed i n  a l l  prev ious ly   cons idered   concepts .  Two manifolds  are ,  t h e r e f o r e  , 
l o c a t e d  a t  t h e  d i v i s i o n  l i n e .  
The a l t e r n a t e  c o n f i g u r a t i o n  i n c o r p o r a t e s  a d i f f e r e n t  t u b e  o r i e n t a t i o n  
downstream,  and  requires  a d i f f e r e n t   m a n i f o l d   a r r a n g e m e n t .   T h i s   c o n f i g u r a t i o n  
was s t u d i e d  i n  o r d e r  t o  d e t e r m i n e  i f  a n y  b e n e f i t s  were d e r i v e d  by a r r a n g i n g  t h e  
t u b e s  p a r a l l e l  t o  t h e  h e a t i n g  p a t t e r n  a n d  e f f e c t i v e l y  s h o r t e n i n g  t h e  c o o l a n t  
f l o w  l e n g t h .  
Converged  bas i c  Sepa ra t e  Pane l  conf igu ra t ions  are  summarized by Figure 55.  
The a s s o c i a t e d  ACS component  masses are p r e s e n t e d   i n   F i g u r e   5 6 .   T h e s e   r e s u l t s  
d i f f e r  s i g n i f i c a n t l y  f r o m  t h o s e  d e r i v e d  f o r  t h e  I n t e r m e d i a t e  M a n i f o l d  a n d  
Branched  Tubes  Concepts .   For   example,   the   Separate   Panel   configurat ions  ized 
f o r .  Design Condit ion 1 r e q u i r e  less coo lan t  f l ow and  d i sp lay  lower  p re s su re  
, , I !  r , : , : - e  
d r o p s ,   b u t   t h e  ACS components mass is  n o t   s i g n i f i c a n t l y   r e d u c e d .  A t  Design 
Condi t ions  2 and 3 ,  t he  coo lan t  f l ow requ i r emen t s  fo r  t he  downs t r eam pane l  
are h igh  even  though  the  f low cha rac t e r i s t i c  l eng th  i s  small and  the  ave rage  
t empera tu re  o f  t he  coo lan t  i s  l o w e r  t h a n  f o r  t h e  o t h e r  d e s i g n s .  
T h e  r e a s o n  f o r  t h e s e  a p p a r e n t  d i s c r e p a n c i e s  c a n  b e  t r a c e d  t o  t h e  e f f e c t s  
o f  t h e  low c o o l a n t  t e m p e r a t u r e s  o n  c o o l a n t  d e n s i t y  a n d  v i s c o s i t y ,  p a r t i c u l a r l y  
t h e  l a t t e r .  S ince  t h e   t e m p e r a t u r e  rise o f  t h e  c o o l a n t  i s  much l o w e r   t h a n   t h a t  
84 
7.91 crn 2.54 crn 
(0.75 in.) (1 .O in.) 
Tu be Tu be 
Panel Exposed to 
Interference  Heating Uniformly Heated Panel 
2.03 m (80 in.) 4.06 rn (160 in.) 
Coolant 11 - :;;:ant 
Manifold Manifold 
Inlet 
Coolant  Coolant 
Exit  Inlet 
Manifold  Manifold 
Basic Configuration 
Panel Exposed to 










Uniformly Heated  Panel 2.54 cm 
(1.0 in.) 





Alternate  Configuration 
FIGURE 54 
SEPARATE  PANELS  CONCEPT  DEFINITION 
85 
c 
C o n f i g u r a t i o n  
SEP. PANELS 1 
SEP. PANELS 2 
SEP. PANELS 3 
SEP. PANELS 4 
SEP. PANELS 5 
SEP. PANELS 6 
SEP. PANELS 7 
SEP. PANELS 8 
Diameter  Design 
1 0.48  (3/16)  
1 z 




3 'i 0 .48   (3 /16 )  
3 1  
3 1  
;ed t o  I n t e r f e  
Coolant 
FlowITube 
g /s  (lbm/hr) 
6 .1   (48 )  + 
44.8  (355) 
1 
85.1 (675) 
l r  
!rice H e a t i n g  
P a n e l  
AP 
kPa ( I b f / i n 2 :  
696  (101) 
Uniformly Heated 
Tube Coo lan t  
Diameter  Flow/Tube 
cm ( i n )   g / s   l b m / h r )  
0 .48   (3 /16)  12.6 (100) 
0 .64   (1 /4 )  16.4  (130)  
0 .48   (3 /16)  12 .6  (100) 
0 .64   (1 /4)  I 16.4  (130) 
0 .95   (3 /8)  1 16.4  (130)  
Note:  All c o n f i g u r a t i o n s  have o u t e r  s k i n  t h i c k n e s s  = 1 .02  mm (0 .040 i n )  
I 
C o n f i g u r a t i o n  
SEP. PANELS 1 
SEP. PANELS 2 
SEP. PANELS 3 
SEP. PANELS 4 
SEP. PANELS 5 
SEP. PANELS 6 
SEP. PANELS 7 
SEP. PAhELS 8 
P a n e l  
S t r u c t u r a l  
k g  (lbm) 
Mass 









kg ( lbm) 
66 (145) 

















P a n e l  
AP 
Wa ( l b f  / i n 2 )  
FIGURE 55 
BASIC  SEPARATE  PANELS  CONCEPT  CONFIGURATIONS 
Coolant  in i Coolant 
Coolant . D i s t r i b u t i o n  , D i s t r i b u t i o n  
: in Pane l s   L i s  I Lines  
Conf igu ra t ion  ' kg  (lbm) ! kg (lbm) 1 kg (lbrn) 
I t 
SEP. PANELS 1 3.5  (7.8) 
SEP. PANELS 2 6.0  (13.3) 
I 
SEP. PANELS 3 : 3.5  (7.8) 
j SEP. PANELS 4 1 6 .0 (13.3) 
i 
1 SEP. PANELS 5 
1 SEP. PANELS 6 
SEP. PANELS 7 
SEP. PANELS 6 I 
14.0  (3 .8) 










1 4 . 5   ( 3 1 . 9 ) ;   3 . 5   ( 7 . 8 )  
32 .6   (72 .4) !   11 .2   (24 .7)  
3 4 . 6   ( i . 3 ) ;  11.5 (25.4) 
34.6  (76.3) ~ 11.5 (25.3) 
I 
i 
56.2 (123 .8) ;   31 .2  (68.7) 
59.0 (130.0)  3 .5 (67.3) 





Exchanger 1 Pumps P e n a l t y  







12.4  (5 .311  0 71 5)2.   (4 .8)
3 .0  (6 .7)  
3 . 0  (6 .7)  
3 .0  (6 .7)  
6 .6  (14.5) 
6 .6  (14.5) 
6 . 6  (14.5) 
2.9 (6.4) 
3 .0  (6.6) 






9.8  (21.5) 
10.0  (22.0)  






ACS  COMPONENT  MASSES - BASIC SEPARATE  PANELS CONCEPT 
1.0 (2.3) 
1.3 (2.8) 
2 .3  (5.0) 
2 .5  (5.5) 
30  (67) ! 
66  (145) 
71  (156)  , 
3 .0   (6 .6 ) i  79 (174) 
i 
3.7 (8.2) 146 (321) 
4.0 (8 .9)  150 (330) 
5.1 (11.2) 173  (381) I 
assoc ia t ed  wi th  con t inuous  f low f rom one  end  o f  t he  pane l  t o  the  o the r ,  t he  
a v e r a g e  v i s c o s i t y  is much h i g h e r .  T h i s  r e s u l t s  i n  r e d u c i n g  t h e  R e y n o l d s  Number, 
and h e n c e ,  t h e  c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t s .  P r e v i o u s  s t u d i e s  , such as 
Refe rence  2 ,  have  ind ica t ed  advan tages  by  ope ra t ing  the  coo lan t  t o  as h i g h  a 
tempera ture  as p r a c t i c a l .   T h i s   a n a l y s i s   c o n f i r m s   t h e   a d v a n t a g e s   o f   m a i n t a i n -  
i n g  h i g h  c o o l a n t  t e m p e r a t u r e s .  
The b a s i c  S e p a r a t e  P a n e l s  g e o m e t r y  a n d  u n i t  s t r u c t u r a l  masses are shown 
in Figure   57 .  Areas of  3.10 m2 (33.33 f t  ) and  6.20 m2 (66.67 f t  ) were con- 
s i d e r e d  f o r  t h e  p a n e l s  e x p o s e d  t o  i n t e r f e r e n c e  a n d  u n i f o r m  h e a t i n g  r e s p e c t i v e l y .  
The bas i c  Sepa ra t e  Pane l  Concep t  d id  no t  i n t roduce  any  new combinations of 
t u b e   s i z e   a n d   p i . t c h ,   s k i n   t h i c k n e s s e s ,   p a n e l   h e i g h t s   a n d   l o a d i n g .   T h e r e f o r e ,  
t h e  o n l y  s t r u c t u r a l  mass c h a n g e  f o r  t h i s  c o n c e p t  w a s  d u e  t o  t h e  a d d e d  s p l i c e  
and  manifolds.   This mass change i s  based  on t h e  masses of   the   mani fo lds   and  
j o i n t  materials p r e s e n t e d   i n   F i g u r e  15 as shown i n  F i g u r e  58. The r e s u l t i n g  
t o t a l  mass o f  t he  man i fo lds  and  jo in t  materials was 39.8  kg  (87 .O  lbm). 
2 2 
Compar ison  of  the  bas ic  Separa te  Panels  Concept  wi th  o ther  concepts  re- 
v e a l e d   t h a t   t h i s   a p p r o a c h  w a s  t oo   heavy   t o   be   compe t i t i ve .  As  a r e s u l t ,  
a n a l y s i s  of t h e  a l t e r n a t e  S e p a r a t e  P a n e l s  d e s i g n  was s i m p l y  u s e d  t o  v e r i f y  t h a t  
n o  s i g n i f i c a n t  a d v a n t a g e s  e x i s t e d  o v e r  t h e  b a s i c  c o n f i g u r a t i o n  t h a t  m i g h t  a f -  
f e c t  t h i s  o b s e r v a t i o n .  
S i n c e  p r e v i o u s  a n a l y s e s  c o n s i s t e n t l y  i n d i c a t e d  t h a t  minimum t u b e  s p a c i n g  
r e s u l t s  i n  minimum pane l  mass ,  t he  tubes  were spaced a t  1 . 9 1  c m  (0 .75  in )  
i n t e r v a l s   i n   t h e  smaller panel .   Thermodynamica l ly ,   the   advantage   der ived   f rom 
t h e  a l t e r n a t e  t u b e  o r i e n t a t i o n  i s  t h a t  t h e  t u b e s  i n  t h e  d o w n s t r e a m  r e g i o n  are 
1.52 m (60 i n )  r a t h e r  t h a n  1 . 9 3  m (80 i n )  l o n g ,  a n d  p r e s s u r e  d r o p s  are reduced 
S t r u c t u r a l l y ,   h o w e v e r ,   t h e r e  a re  two d i s t i n c t   d i s a d v a n t a g e s :  (1) t h e   c o o l a n t  
manifolds  are s i g n i f i c a n t l y  l o n g e r ,  a n d  ( 2 )  t h e  t u b e s  a r e  n o t  e f f i c i e n t l y  
o r i e n t e d  w i t h  r e s p e c t  t o  t h e  a p p l i e d  l o a d s  a n d  t h u s ,  a d d i t i o n a l  mass i s  re- 
q u i r e d  i n  t h e  p a n e l  s k i n s .  
F i g u r e  59 s u m m a r i z e s  t h e  a n a l y s i s  o f  t h e  a l t e r n a t e  S e p a r a t e  P a n e l s  d e s i g n .  
A t  a l l  t h r e e  d e s i g n  c o n d i t i o n s ,  t h e  s t r u c t u r a l  mass was found t o  b e  l a r g e r ,  
as expec ted .  The ACS components mass fo r   Des ign   Cond i t ions  2 and 3 was d e t e r -  
mined t o  b e  less t h a n  t h a t  f o r  t h e  b a s i c  S e p a r a t e  P a n e l s  d e s i g n ,  d u e  t o  re- 
duced   p re s su re   d rops .   However ,   t o t a l  mass would  be  lower  only a t  Design 
Condi t ion  3 .  In   any  case, a t  a l l  d e s i g n   c o n d i t i o n s ,   t h e   a l t e r n a t e   S e p a r a t e  
Panels  design would s t i l l  be much h e a v i e r  t h a n  o t h e r  c o n c e p t s .  
88 
Int 
Height Pressure ._ 
cm (in) j kPa (lbf/inL) 
SEP,  PANELS 3 3.58 (1 .41 )  97.9 (14 .2 )  
SEP. PANELS 4 3.58 ( 1 . 4 1 )  97.9 ( 1 4 . 2 )  
SEP. PANELS 5 3.58 (1 .41 )  97.9 ( 1 4 . 2 )  
i 
SEP. PANELS 6 2.97 ( 1 . 1 7 )  51.3 ( 7 . 4 4 )  
SEP. PANELS 7 2.97 ( 1 . 1 7 )  51.3 (7 .44 )  






0 .86  ( . 0 3 4 )  
0 .86 ( - 0 3 4 )  
1 . 5 2  (. 0 6 0 )  
1.52 (. 0 6 0 )  
1.52 ( . 0 6 0 )  
1.07 (. 0 4 2 )  
1.07 ( .042 )  





7.57 ( 1 . 5 5 )  
7 .57 ( 1 . 5 5 )  
9 . 8 6   ( 2 . 0 2 )
9 .86   (2 .02 )  
9 .86  (2 .02)  
8.30 ( 1 . 7 0 )  
8 .30   (1 .70 )
8 . 3 0   ( 1 . 7 0 )
Uniform Hea 
Inner  Skin 
Thickness 
mm (in) 
0.64 (. 0 2 5 )  
0.53 ( . 0 2 1 )  
0 .53  (. 0 2 1 )  
0.46 ( .018)  
0 .41  ( .016 )  
0.58 ( .023)  
0.48 (, 0 1 9 )  
0 .41  ( . 0 1 6 )  
FIGURE 57 





6.64 ( 1 . 3 6 )  
6.79 (1 .39 )  
6 .64  ( 1 . 3 6 )  
6.79 ( 1 . 3 9 )  
7 .27 ( 1 . 4 9 )  
Component 
Closure  Angles 
Two Manifolds  and  Bellmouth 




Total  Added 
Core  Removed 
Total  Difference 
MASS  OF  ADDITIONAL  MANIFOLDS  AND  JOINT  MATERIALS 




Conf igura t ion  
ALT. SEP. PANELS 1 
ALT. SEP. PANELS 2 
ALT. SEP. PANELS 3 
ALT. SEP. PANELS 4 
ALT. SEP. PANELS 5 
ALT. SEE'. PANELS 6 
ALT. SEP. PANELS 7 
ALT. SEP . PANELS 8 
Panel   Di f fe rence   f rom 
S t r u c t u r a l   B a s i c  P a n e l  
108 (238) +4 (+9 1 
108 ( 2 3 9 )  +4 (+8 1 
121 (266) f8 (+I81 
121 ( 2 6 7 )  +8 (+la) 
126 ( 2 7 8 )  +8 (+la) 
1 1 2  (246) +5 (+12) 
1 1 3  ( 2 4 8 )  +5 (+I21 





kg ( lbm)  
25  (56) 
30 ( 6 7 )  
64 ( 1 4 0 )  
69  (152) 
77 ( 1 7 0 )  
135 (298)  
139 ( 3 0 7 )  
1 6 2  ( 3 5 8 )  
Difference   f rom 
Components Mass 
Bas ic  ACS 
kg ( 1 b d  
I Difference  f rom T o t a l  Basic T o t a l  
133 ( 2 9 4 )  +4 (+9 1 
139 (306)  +4 (+8 1 
184 ( 4 0 6 )  +6 (+13) 
190  ( 4 1 9 )  +6 (+14) 
203 ( 4 4 8 )  +6 (+14) 
247 ( 5 4 4 )  -5 (-11) 
252 ( 5 5 5 )  -5 (-11) 
278 ( 6 1 3 )  -5 (-11) 
FIGURE 59 
ALTERNATE SEPARATE PANELS  CONCEPT  CONFlGURATlONS 
I 
I n  t h e  a l t e r n a t e  S e p a r a t e  P a n e l s  d e s i g n  t h e  t u b e s  r u n  a c r o s s  t h e  p a n e l .  
T h u s ,  t h e  l o n g i t u d i n a l  ( p a r a l l e l  t o  t h e  t u b e s )  t h e r m a l  stresses would act per- 
p e n d i c u l a r  t o  t h e  m e c h a n i c a l  stresses a n d  t h e  t r a n s v e r s e  ( p e r p e n d i c u l a r  t o  t h e  
tubes )  t he rma l  stress would act in  t h e  same d i r e c t i o n  as the mechanical  stresses 
a n d   w o u l d ,   t h e r e f o r e ,   a d d   d i r e c t l y   t o  them.  These t r a n s v e r s e   t h e r m a l  stresses 
were compression in  a l l  cases. When combined   wi th   the   mechanica l  stresses, 
they  were less c r i t i c a l  than  the  mechan ica l  t ens ion  stresses , as f o r  a l l  pre- 
v ious ly   cons idered   concepts .   Because   the   tubes  were i n e f f e c t i v e   f o r   m e c h a n i c a l  
l o a d s  t h e  s k i n s  h a d  t o  b e  t h i c k e n e d  t o  m a i n t a i n  s t r e n g t h ,  m a k i n g  t h e  s t r u c t u r a l  
u n i t  mass of t h i s  d e s i g n  g r e a t e r  t h a n  t h a t  o f  t h e  b a s i c  S e p a r a t e  P a n e l s  D e s i g n  
Concept. The a l t e r n a t e  S e p a r a t e  P a n e l s  g e o m e t r y  a n d  u n i t  s t r u c t u r a l  masses 
are shown i n  F i g u r e  60. The areas c o n s i d e r e d   f o r   t h i s   c o n f i g u r a t i o n  were t h e  
same as t h o s e   d e f i n e d   f o r   t h e   b a s i c   S e p a r a t e   P a n e l s   c o n f i g u r a t i o n .   B e c a u s e   t h e  
a l ternate  S e p a r a t e  P a n e l  d e s i g n  h a s  a 1.02 m (40  in )  g rea t e r  l eng th  o f  man i fo lds  
t h a n  t h e  b a s i c  S e p a r a t e  P a n e l  d e s i g n ,  t h e  mass o f  t he  man i fo lds  and  sp l i ce  
materials was g r e a t e r  b y  1 . 4  kg  c3.0  lbm) f o r  a t o t a l  of  41.2  kg  (90.0  lbm) . 
P a n e l  s t r u c t u r a l  mass i s  i n c l u d e d  i n  F i g u r e  59. 
4 . 3 . 6  High Heat Transfer   Tubes . - . . . . . " Concept - A l i t e r a t u r e   s e a r c h  was con- 
d u c t e d  t o  i d e n t i f y  ways t o  augment h e a t   t r a n s f e r   i n   t u b u l a r   f l o w .   R e f e r e n c e s  
1 3   a n d  14 p r o v i d e   o v e r v i e w s   a n d   d e t a i l e d   b i b l i o g r a p h i e s  on t h i s  s u b j e c t .  A 
review o f  t h e s e  r e f e r e n c e s  l e d  t o  t h e  c o n c l u s i o n  t h a t  a v a i l a b l e  t e c h n i q u e s  
c a n   b e   c l a s s i f i e d  as those   t ha t :   i nvo lve   roughened   t ube  w a l l  s u r f a c e s ,   i n -  
c l u d e  t u b e  i n s e r t s ,  u s e  i n t e r n a l l y  f i n n e d  t u b e  s u r f a c e s ,  o r  u s e  d i m p l e d  
tubes .  
Many sources  imp ly  tha t  augmen ta t ion  o f  hea t  t r ans fe r  v i a  roughened  tube  
walls i s  i n e f f e c t i v e  b e c a u s e  t h e  m e a s u r e d  i n c r e a s e  i n  h e a t  t r a n s f e r  is  coun- 
t e r e d  by a pressure  drop  which  makes t h e  i n c r e a s e  i n  o v e r a l l  e f f i c i e n c y  n e g -  
l i g i b l e .  However, i t  is  n o t e d   i n   R e f e r e n c e  15 t h a t ,  w i t h  h i g h  P r a n d t l  number 
f l u i d s ,  h e a t  t r a n s f e r  i m p r o v e m e n t s  c a n  b e  a c h i e v e d  t h r o u g h  r o u g h n e s s  w i t h o u t  
co r re spond ing   i nc reases   i n   p re s su re   d rop .   Re fe rence  1 6  acknowledges   th i s  
p o i n t  a n d  a l s o  n o t e s  t h a t  v e r y  f e w  d a t a  h a v e  b e e n  p u b l i s h e d  f o r  f l u i d s  w i t h  
P rand t l   numbers   g rea t e r   t han  8.  The re fo re ,   Re fe rence  1 6  p r e s e n t s   d a t a   c o l -  
l e c t e d  w i t h  flow of a f l u i d  w i t h  a v e r y  h i g h  P r a n d t l  number  (349) i n  rough- 
ened   tubes   ( see   F igure  61). 
92  
C o n f i g u r a t i o n  
ALT. SEP. PANELS 1 
ALT. SEP.  PANELS 2 
ALT. SEP. PANELS 3 
ALT. SEP.  PANELS 4 
ALT. SEP. PANELS 5 
ALT. SEP. PANELS 6 
ALT. SEP. PANELS 7 
ALT. SEP. PANELS 8 
P a n e l  
H e i g h t  
cm ( i n )  
2.92 ( 1 . 1 5 )  
3.05 ( 1 . 2 0 )  
4.39 ( 1 . 7 3 )  
4 .88 (1 .92 )  
4.39 ( 1 . 7 3 )  
3.33 ( 1 . 3 1 )  
3.02 ( 1 . 1 9 )  
3.02 ( 1 . 1 9 )  
I n t e r f e r e n c e  H e a t j  
U l t i m a t e  
mm ( i n )  k P a   ( I b f / i n L )  
T h i c k n e s s  P r e s s u r e  
Inner S k i n  
29 .9   (4 .34 )   1 .07   ( . 042 )  
29 .9   (4 .34 )  1 . 0 4   ( . 0 4 1 )  
97 .9   (14 .2 )  
2 .03   ( .080)   97 .9   (14 2)  
1.78 ( . 070 )   97 .9   (14 .2 )  
2.03 (.080) 
51 .3   (7 .44 )  
1 . 5 2   ( . 0 6 0 )   5 1 . 3   ( 7 . 4 4 )  
1 . 5 2  ( . 0 6 0 )  51 .3   (7 .44 )  






g A r e a  
S t r u c t u r a l  
Uni t  Mass - 
kg/mL (lbm/f tL) 
8.30   (1 .70)  
8 .25   (1 .69 )  
11.62 ( 2 . 3 8 )  
11.18 (2 .29 )  
11 .62  (2 .38 )  
9.37 ( 1 . 9 2 )  
9.57 ( 1 . 9 6 )  






U n i f o r m  H e a t i n g  A r e a  
Inner Skin 
k g / m 2   ( l b m / f t L )  mm (in) 
Unit Mass T h i c k n e s s  
S t r u c t u r a l  
0.58 ( .023 )  
6 .79   (1 .39)  0 .48   ( . 019 )  
6 .64   (1 .36)  
0.51 (.020) 
7.96   (1 .63)   0 .41  (.016) 
7.37 (1 .51 )  0.41 ( .016)  
7 .13   ( . 46 )  
0 .56   ( . 022 )  
7 .27   (1 .49)  0 . 4 1  (.016) 
6.79  (1 .39)  0 .48  (.019) 
6.74  (1 .38)  












* Data from  Reference 16 
Water 
P r a n d t l  Number 7.5 
e / D  ( su r face  roughness )  
” - 0.0.60 - - - -- 0.026 
Smooth 




SURFACE  ROUGHNESS EFFECTS ON HEAT  TRANSFER 
94  
The laminar  f low,  smooth  tube  da ta  . in  F igure  61  can  be approximated 
us ing   conven t iona l   exp res s ions   w i th   t he   quo ted   P rand t l   numbers .  However, i t  
is o b v i o u s  t h a t  t h e  h i g h e r  P r a n d t l  number f l u i d  is more s e n s i t i v e  t o  s u r f a c e  
r o u g h n e s s ,  b o t h  i n  t h e  maximum level a t t a i n e d  (at R e  = 1 x 10 ) and through- 
out the Reynolds number range beyond laminar flow. 
4 
To a p p l y  t h e s e  d a t a  t o  e t h y l e n e  g l y c o l / w a t e r ,  F i g u r e s  62 and  63 were 
prepared by 
t h e  N u s s e l t  
l o g a r i t h m i c a l l y   i n t e r p o l a t i n g   t h e   a v a i l a b l e   d a t a .  To c a l c u l a t e  
number a t  Re 2 1 x 10 t h e  f o l l o w i n g  e x p r e s s i o n  was used:  4 
N =  'rough x 0.023 (Re) (Pr) *33 8 36 
U (Vb/Vw) 'smooth 
The v a l u e  o f  t h e  f a c t o r  ' r ough 
'smooth 
was obta ined  f rom Figure  62 .  
The u s e  of F i g u r e  6 2  r e q u i r e s  a k n o w l e d g e  o f  t h e  f l u i d ' s  P r a n d t l  number 
and a r ea l i s t i c  estimate o f  t h e  w a l l  roughness.  The P r a n d t l  number f o r  t h e  
assumed  coolan t   var ies   f rom 57 a t  283 K (50°F) t o  14 a t  339 K (150°F). An 
a v e r a g e  v a l u e  of 30,  which  corresponds  to  305 K (90"F) ,  was u s e d  f o r  t h e  
c o n d i t i o n s  s t u d i e d .  
Surface roughness  i s  the  pa rame te r  t ha t  mus t  b e  c o n t r o l l e d  i f  t h i s  t e c h -  
n ique  i s  t o  b e  p r a c t i c a l .  The a v a i l a b l e   i n f o r m a t i o n   i n d i c a t e d   t h a t  a rough- 
n e s s  e x p r e s s e d  i n  terms of e / D  = 0.06 is  a t t a i n a b l e  a n d  r e p r e s e n t a t i v e  o f  t h e  
roughened   t ube   conf igu ra t ions   f ab r i ca t ed   fo r   t e s t ing .   Based   on   t hese   va lues ,  
t h e  c o n s t a n t  u s e d  i n  t h e  t u r b u l e n t  h e a t  t r a n s f e r  e x p r e s s i o n  was modif ied by 
a f a c t o r  o f  2 . 5 .  
The c o r r e c t i o n  c u r v e  p r e s e n t e d  i n  F i g u r e  6 3  was u s e d  i n  s i m u l a t i n g  t h e  
t r a n s i t i o n a l  r e g i o n  ( 2 1 0 0  < Re < 1 x 10 ) .  In   t he   smoo th   t ube   ana lys i s   t he  4 
t e c h n i q u e  u s e d  f o r  e s t i m a t i n g  t r a n s i t i o n a l  h e a t i n g  was t o  l o g a r i t h m i c a l l y  
in t e rpo la t e ,  w i th  Reyno lds  number ,  t he  Nusse l t  number  from t h e  l a s t  laminar  
v a l u e  t o  t h e  i n i t i a l  t u r b u l e n t  v a l u e .  However, w i t h o u t   c o r r e c t i o n   t h i s   i n -  
t e r p o l a t i o n  w o u l d  n o t  p r e d i c t  t h e  i n c r e a s e  i n  h e a t  t r a n s f e r  a f f o r d e d  by 
roughened surf  aces a t  the  nea r  l amina r ,  t r ans i t i ona l  Reyno lds  number  cond i -  
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TURBULENT  FLOW  NUSSELT  NUMBER  CORRECTION  FACTOR 









TRANSITIONAL FLOW  NUSSELT  NUMBER  CORRECTION 
FOR ROUGHNESS  EFFECTS 
the  Reynolds  number  range  of in terest  i n  t h i s  s t u d y .  F i g u r e  6 4  i l l u s t r a t e s  
t h e  t e c h n i q u e  u s e d  t o  p r e d i c t  r o u g h e n e d  t u b e  h e a t  t r a n s f e r .  It is based on 
a t y p i c a l  set o f  d e s i g n  c o n d i t i o n s .  
The i n f o r m a t i o n  i n  s t a n d a r d  texts o n  r o u g h e n e d  t u b e  f r i c t i o n  f a c t o r s  is 
a d e q u a t e  f o r  h i g h  P r a n d t l  n u m b e r  f l u i d s .  The f r i c t i o n  f a c t o r  d a t a  u s e d  f o r  
t he  roughened  tube  ana lys i s  were obta ined  f rom Reference  4 f o r  a n  e/D = 0 . 0 6  
and are p r e s e n t e d  i n  F i g u r e  6 5 .  
F i l u r e  66 summar izes   t he   r e su l t s   o f   t he   roughened   t ube   ana lys i s .   I n  
a l l  cases, t h e  t u b e s  were assumed t o  h a v e  an in t e rna l  su r f ace  roughness  ( e /D)  
of 0 . 0 6  o v e r  t h e  f u l l  l e n g t h  a n d  t h e  p a n e l  o u t e r  s k i n  t h i c k n e s s  was assumed 
t o  b e  1.02 mm (0 .040 i n ) .  As shown ,   t he   conf igu ra t ions   w i th  0.48 cm ( 3 / 1 6  
i n )  d i a m e t e r  t u b e s  w o u l d  b e  l i g h t e r  t h a n  t h o s e  w i t h  l a r g e r  t u b e s  f o r  Design 
Condit ions 2 and 3 .  A s i g n i f i c a n t  o b s e r v a t i o n  c a n  b e  made by  comparing re- 
s u l t s  f o r  t h e s e  c o n f i g u r a t i o n s  w i t h  t h o s e  f o r  t h e  M o d i f i e d  B a s e l i n e  P a n e l  
Concept,   Figure 3 2 .  The coo lan t   f l ow  r equ i r emen t s   fo r   t he  Roughened  Tube 
Concepts would be s o  much l o w e r  ( d u e  t o  t h e  i m p r o v e d  h e a t  t r a n s f e r  c h a r a c -  
t e r i s t i c s )  t h a t  t h e  r e s u l t a n t  c o o l a n t  p r e s s u r e  d r o p  w o u l d  a l s o  b e  l o w e r  e v e n  
t h o u g h ,  f o r  a g iven  f low,  the  Roughened  Tube  Concept p re s su re  d rops  wou ld  be  
cons ide rab ly   h ighe r .  A s  a r e s u l t ,  ACS component mass requirements   would  be 
reduced by the use of  the roughened tube technique.  
T e c h n i q u e s  t h a t  i n v o l v e  p l a c i n g  i n s e r t s  i n  c o o l a n t  t u b e s  t o  a u g m e n t  h e a t  
t r a n s f e r  h a v e  b e e n  shown t o  d r a m a t i c a l l y  a c c o m p l i s h  t h a t  t a s k  b u t  u s u a l l y  a t  
g r e a t   e x p e n s e   i n  terms of   p re s su re   d rop .   Th i s   t r end  i s  p a r t i c u l a r l y   e v i d e n t  
w i t h  mesh a n d  b r u s h  i n s e r t  r e s u l t s  r e p o r t e d  i n  R e f e r e n c e  17, Promoting swirl 
f l o w   w i t h   t w i s t e d   t a p e   i n s e r t s  is  appa ren t ly   more   e f f i c i en t .   Th i s   t echn ique  
has  been  ana lyzed  and  r epor t ed  a number  of times , References 18 through 2 4 .  
However, t h e r e  a p p e a r s  t o  b e  some i n c o n s i s t e n c i e s  i n  t h e  r e p o r t e d  r e s u l t s .  
S w i r l  f l o w  h e a t  t r a n s f e r  a u g m e n t a t i o n  w a s  ana lyzed  us ing  in fo rma t ion  
from Reference 24 t o  d e v e l o p  l a m i n a r  f l o w  c h a r a c t e r i s  t ics ,  and from Reference 
1 9  f o r   t u r b u l e n t   f l o w   c h a r a c t e r i s t i c s .  The r e s u l t i n g   e x p r e s s i o n s   f o r   h e a t  
t r a n s f e r  a n d  f r i c t i o n  f a c t o r  are compared t o  s m o o t h  t u b e  r e l a t i o n s h i p s  i n  
F igures  67 and 68. Only  one  value  of   tape t w i s t  r a t i o  ( i n s i d e  d i a m e t e r s  p e r  
180' o f  t a p e  t w i s t )  , y = 2.5 , w a s  ana lyzed .  Th i s  va lue  r ep resen t s  a f a i r l y  
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ROUGHENED  TUBE  FRICTION  FACTOR 
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. -  
P a n e l  
S t r u c t u r a l  I Components ACS Tube 
P i t c h  
Coolant  Tube 
Diameter  
cm ( i n )  
0.48 (3 /16)  
0.48 (3 /16)  
0.48 (3 /16  
0.64 (1 /4 )  
0.95 (3 /8 )  
0.48 (3 /16 )  
0.95 (3 /8 )  
P a n e l  
352  (51) 









1 1 7  (258) 
118 (261) 
147 (324) 




kg Ma;s I Maybm) 
lbm) kg 
Design 








C o n f i g u r a t i o n  
ROUGH. TUBE 1 2.54 (1.00) 
1 . 9 1  (0.75) 





14.8  (117)  
10.7  (85) 
26.5  (210) 
78.2  (620) 
1 1 2 . 2  (890) 
60.5  (480) 
201.8  (1600) 
98  (216) 
20  (43)  99  (218) 
19  (42)  
LO7 (236) 40  (88) 
LO6 (234) 83  (184) 
L10 (243) 94 (208) 
L O 1  (223) 161  (354)  
LO6 (233) 162  (357) 
-. 
ROUGH. TUBE 2 
ROUGH. TUBE 3 
ROUGH. TUBE 4 
ROUGH. TUBE 5 
ROUGH. TUBE 6 
ROUGH. TUBE 7 
L 
Note:  All c o n f i g u r a t i o n s   h a v e   o u t e r   s k i n   t h i c k n e s s  = 1.02 mm (0 .040   in )  




kg ( l b d  
19   (42)  
20 (43) 
40 (88) 
- 8 3  (184) 
94 (208) 
1 6 1  (354) 
162 (357) 
C o o l a n t   i n   C o o l a n t  
L i n e s   L i n e s  
Pumping 
Power 
P e n a l t y  
kg  (Ibm) 
1 .7  (3 .8 :  
1.5  (3.3: 
6.0  (13.3: 
-7.8  (39.3: 




i n  P a n e l  
kg  (lbm) 
Heat 
Exchanger 
kg  (lbm) 




1 .3  (2.9) 
2.4 (5.2) 
3.6 (8.0) 
2.3  (5.0) 
5.1  (11.2) 
C o n f i g u r a t i o n  
ROUGH. TUBE 1 
ROUGH. TUBE 2 
ROUGH. TUBE 3 
ROUGH. TUBE 4 
ROUGH. TUBE 5 
ROUGH. TIJBE 6 
ROUGH. TUBE 7 
3.2 (7.1) 
4.3 (9.4) 
4 .3  (9.4) 
6.9 (15.3) 
18.8 (41.5) 
4 .3  (9.4) 
18.8 (41.5) 
2.4  (5.3) 
I 
3.0  (6 .7)  
1 
6.6  (14.5) + 
0.5 (1.1) 
0.5 (1.0) 
1.8 (3 .9)  
5.3 (11.7) 
3 .7  (8.1) 
16 .1  (35.6) 
9.8 (21.5) 
8.1 (17.9) 
2 .2  (4.8)  7.9  (17.4) 
2 .4  (5 .4)  
16.4  (36.7.)  6.9 (15.3) 
30.8  (68.0) 17 .0  (37.5) 
40.8  (89.9) 11.9  (26.2) 
30.6  (67.4)  46.4  (102.4) 
63.1  (139.1)  25.7  (56.6)
FIGURE 66 






















5x!lo3 1x10 ' 4  
Reynolds Ilumber 
FIGURE 68 




t i g h t  t w i s t  ( t r e n d  d a t a  i n d i c a t e  t h a t  t i g h t  twists are more e f f i c i e n t ) .  Data 
i n  R e f e r e n c e  24 are p r e s e n t e d  o n l y  u p  t o  a Re = 1000 w h i l e  d a t a  i n  R e f e r e n c e  
1 9  a r e  a p p l i c a b l e  f o r  R e  > 1 x 10 . These  va lues  were accepted  as t h e  c r i t i ca l  
Reyno lds   numbers   fo r   l amina r   and   t u rbu len t   f l ow,   r e spec t ive ly .   Loga r i thmic  




F i g u r e s  67 and 68 reveal t h a t  l a r g e  i n c r e a s e s  i n  h e a t  t r a n s f e r  a n d  f r i c -  
t i o n  f a c t o r  r e s u l t  a t  low  Reynolds  numbers  with s w i r l  f low. A t  h igh  Reynolds  
numbers t h e  d i f f e r e n c e s  b e t w e e n  s w i r l  f low and  smooth  tube  turbulen t  f low a re '  
smaller. 
A summary of ' t h e  s w i r l  f l o w  a n a l y s i s  r e s u l t s  i s  p r e s e n t e d  as F i g u r e  69. 
The p a n e l  s t r u c t u r a l  masses r e f l e c t  a n  a l l o w a n c e  f o r  t h e  mass o f  t h e  t a p e  
inser t  based  on s t a i n l e s s  s teel ,  0 . 1  mm ( 0 . 0 0 4  i n )   t h i c k   f o i l .   T h i s   a l l o w -  
ance w a s  1 .36   kg   (3   lbm)   for   the  0 . 4 8  c m  (3/16 in) and 0.64  c m  (1/4 i n )  d i a -  
meter tubes .  It  was 2.27  kg (5 lbm) f o r  t h e  0.95 c m  (3 /8   i n )   d i ame te r   t ubes .  
The t o t a l  p a n e l  masses for  Des ign  Condi t ion  1 are e s s e n t i a l l y  t h e  same as 
those  determined  for   roughened  tubes as p r e s e n t e d   i n   F i g u r e  66. However, a t  
Design  Conditions 2 and 3 ,  t h e  S w i r l  Flow Concept masses are less than   those  
f o r   t h e  Roughened  Tube  Concepts. The h e a t   t r a n s f e r   c h a r a c t e r i s t i c s   c r e a t e d  
by s w i r l i n g  t h e  f l o w  are enhanced t o  t h e  p o i n t  t h a t  l a r g e r  t u b e s  become at- 
t rac t ive ,  p a r t i c u l a r l y  f o r  t h e  l a r g e  f l o w  r e q u i r e m e n t s  a s s o c i a t e d  w i t h  D e s i g n  
Condit ion 3.  
References 2 5  and 26 p r o v i d e d  t h e  i n f o r m a t i o n  u s e d  t o  p r e d i c t  t h e  i n t e r -  
n a l  h e a t  t r a n s f e r  p e r f o r m a n c e  o f  f i n n e d  t u b e s  in t he  l amina r  and  tu rbu len t  
f l ow  r eg imes   r e spec t ive ly .   F igu re  70 summar izes   t he   l amina r   hea t   t r ans fe r  
c h a r a c t e r i s t i c s   f r o m   R e f e r e n c e  2 5 .  As shown,   the  tubes  discussed i n  t h i s  
r e f e r e n c e  were c h a r a c t e r i z e d  by f i n  g e o m e t r y  e i t h e r  s t r a i g h t  o r  s p i r a l e d .  
S i n c e  t h e  i n t e n t  of t h i s  a n a l y s i s  was t o  e v a l u a t e  t h e  e f f e c t s  of a t y p i c a l  
r a t h e r  t h a n  s p e c i f i c :  f i n n e d ,  t u b e  g e o m e t r y ,  t h e  d a t a  p e r t a i n i n g  t o  s t r a i g h t  
f i n  t u b e s  was used. This d a t a ,  f o r  t h e  m o s t  p a r t ,  f a l l s  b e t w e e n  t h e  h i g h  a n d  
low s p i r a l  f i n  d a t a  a n d  m a i n t a i n s  a s l o p e  c o n s i s t e n t  w i t h  t h a t  of a smooth 
tube.   Finned  tube  f low ceases t o   d i s p l a y   l a m i n a r   c h a r a c t e r i s t i c s  a t  a lower 
Reynolds  number  than  smooth  tube  f low.  The  extent  of  laminar  f low is  i n d i -  
c a t e d  i n  F i g u r e  70 f o r  e a c h  c h a r a c t e r i s t i c  f i n  t y p e ,  w h e r e  s t r a i g h t  f i n  t u b e s  
have a c r i t i c a l  Reynolds number of 1300. 
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Design 
Conf igu ra t ion  
SWIRL  FLOW 1 
Cond i t ion  
1 SWIFZ FLOW 2 
1 
SWIRL  FLOW 3 
SWIRL  FLOW 4 
2 
2 SWIRL  FLOW 5 
2 
SWIRL  FLOW 6 
3 SWIRL  FLOW 7 
3 
Tube I Tube 
P i t c h  1 Diameter 
cm ( i n )  I cm ( i n )  
2.54 (1 .00)  
1 .91  ( 0 . 7 5 )  
1 .91  ( 0 . 7 5 )  
2.54 (1.00) 
2.54 (1 .00)  
0 .48   (3 /16 ) ,  
0 . 4 8   ( 3 / 1 6 )  
0 . 4 8   ( 3 1 1 6 )  
0 .64   (114 )  
0 . 9 5   ( 3 / 8 )  
Coolant  
Flow/Tube 
g / s   ( l bm/h r )  
12 .6  (100)  
8.6 ( 6 8 )  
15.8 ( 1 2 5 )  
37.8 ( 3 0 0 )  
31.5 ( 2 5 0 )  
53 .6   (425 )  
1 3 2 . 4   ( 1 0 5 0 )  
. .  
P a n e l  
P a n e l   S t r u c t u r a l  
+ 2 " Mass kP,a l b f  i n  ) 
993   (144 )  
kg  (lbm) 
100 ( 2 2 1 )  6 1 4   ( 8 9 )  
9 9   ( 2 1 9 )  
1 6 5 5   ( 2 4 0 ) 1 0 8   ( 2 3 9 )  
1 1 3 0   ( 1 6 4 )  1 0 8   ( 2 3 7 )  
110 ( 1 6 )  1 1 2   ( 2 4 8 )  
8095   (1174)  1 0 3   ( 2 2 6 )  
6 6 9   ( 9 7 ) ~  1 0 8   ( 2 3 8 )  
Note: All c o n f i g u r a t i o n s   h a v e   o u t e r   s k i n   t h i c k n e s s  = 1 .02  mu (0 .040  i n )  
I Coolant  
i n  P a n e l  
C o n f i g u r a t i o n  
SWIRL  FLOW 1 
4.3 ( 9 . 4 )  SWIRL  FLOW 2 
3.2 ( 7 . 1 )  
SWIRL  FLOW 3 4 .3   (9 . )  
SWIRL  FLOW 4 6 .9   (15 .3)  
SWIRL  FLOW 5 1 8 . 8   ( 4 1 . 5 )  
SWIRL  FLOW 6 4 .3   (9 . )  
SWIRL  FLOW 7 1 8 . 8   ( 4 1 . 5 )  
C o o l a n t  i n  
D i s t r i b u t i o n  
L ines  
kg  ( lbm) 
7 .1  ( 1 5 . 7 )  
6.5 ( 1 4 . 4 )  
10.7 ( 2 3 . 6 )  
1 9 . 9  ( 4 3 . 9 )  
15.0 ( 3 3 . 1 )  
27.7 ( 6 1 . 0 )  
45.5  (100.3) 
Coolant  
D i s t r i b u t i o n  
L i n e s  
kg  (lbm) 
3.0 ( 6 . 6 )  
2.3 ( 5 . 0 )  
5.8 ( 1 2 . 7 )  
8.8 ( 1 9 . 5 )  
3.9 ( 8 . 5 )  
47 .2   (104.1)  
1 6 . 3   ( 3 6 . 0 )  
Heat 
Exchanger 
kg  (Ibm) 
3 * 0  1 ( 6 . 7 )  
6 .6   (14 .5)  + 
Pumps 
kg  (lbm) 
0.6 ( 1 . 4 )  
0.5 (1 .0)  
1.4 ( 3 . 1 )  
2.4 ( 5 . 4 )  
0.9 ( 2 . 0 )  
1 6 . 1   ( 3 5 . 6 )  





1 9   ( 4 2 )  
1 8   ( 4 0 )  
31 ( 6 8 )  
5 1   ( 1 1 3 )  
47 ( 1 0 3 )  
, 1 5 8  ( 3 4 8 )  
, 1 1 6  ( 2 5 5 )  
1 I , ! ,  
LlT o t a l  pi
1 3 9   ( 3 0 7 )
1 5 9  ( 3 5 0 )  
159  ( 3 5 1 )  
260 ( 5 7 4 )  
224 ( 4 9 3 )  
To tal 
Pumping 
Mass R e s e r v o i r  P e n a l t y  
ACS 
Power Components 
kg  (lbm) kg (lbm) kg  (lbrn) 
2.2 ( 4 . 8 )  
1 8   ( 4 0 )  0.7 (1.61 .6   (3 .5 )  
1 9   ( 4 2 )  0.7 ( 1 . 5  
4.8  (10.5) 1.0 ( 2 . 1 )   3 1   ( 6 8 )  
8 .2  (18.0)
3.0 ( 6 . 6 )  
5 1   ( 1 1 3 )  1.7  (3. )  
47 ( 1 0 3 )  2 .1   (4 .6 )  
54 .3   (119.7)  2 .1   (4 .6 )  1 5 8   ( 3 4 8 )  
18 .7   (41 .2)  4.0 ( 8 . 9 )   1 1 6 ( 2 5 5 )  
FIGURE 69 









LAMINAR  FLOW  HEAT  TRANSFER - FINNED TUBES  CONCEPT 
L 
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Figure  7 1  p r e s e n t s  t u r b u l e n t  f l o w  h e a t  t r a n s f e r  d a t a  f r o m  R e f e r e n c e  26. 
T h e s e  d a t a  i n d i c a t e  a c r i t i ca l  Reynolds  number  of 3000 f o r  t u r b u l e n t  f l o w ,  A 
c o r r e l a t i n g  e x p r e s s i o n  i n  t h e  f o r m  similar t o  t h a t  u s e d  f o r  s m o o t h  t u b e ,  t u r -  
b u l e n t  f l o w ,  h e a t  t r a n s f e r  w a s  s e l e c t e d .  A s  shown i n  F i g u r e  71, t h e  s e l e c t e d  
expres s ion ,  wh ich  mod i f i e s  on ly  the  cons t an t  of the  smooth  tube  express ion ,  
p a s s e s  t h r o u g h  t h e  c e n t e r  of t he  da t a  band  wi thou t  exceed ing  da ta  ex t r emes .  
A s  i n  p r e v i o u s  a n a l y s e s ,  h e a t  t r a n s f e r  i n  t h e  t r a n s i t i o n  r e g i o n ,  i n  t h i s  c a s e  
between  Reynolds Numbers of  1300  and  3000, w a s  determined by l o g a r i t h m i c  i n t e r -  
p o l a t i o n .  
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I 
5x10' 1x10 ' 5  
Reynolds Number 
FIGURE 71 
TURBULENT  FLOW  HEAT  TRANSFER - FINNED  TUBES  CONCEPT 
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F r i c t i o n  f a c t o r s  ( F i g u r e  72)  u s e d  i n  t h e  f i n n e d  t u b e  a n a l y s i s  were a l s o  
der ived   f rom  References  25  and 26.  In   t he   l amina r   r ange ,  an a v e r a g e   v a l u e  
l i n e  was drawn  through  the  band of a v a i l a b l e  d a t a .  R e f e r e n c e  26 p r o v i d e d  t h e  
e x p r e s s i o n  u s e d  i n  t h e  t u r b u l e n t  f l o w  r a n g e  w h i c h  was assumed t o  b e  a p p l i c a -  
b l e  a b o v e  t h e  maximum laminar flow Reynolds number. 
F igure  73 summar izes  the  r e su l t s  f rom the  F inned  Tube  Concept a n a l y s i s .  
The p a n e l  s t r u c t u r a l  masses l n c l u d e  an a l l o w a n c e  f o r  h e a v i e r  t u b e s  t o  a c c o u n t  
f o r  t h e  a d d i t i o n a l  f i n  mass. These  allowances were determined t o  c o i n c i d e  
w i t h  t h e  S w i r l  Flow Concept  a l lowances which had accounted for  the tape in-  
serts. 
In  F igu re  7 3 ,  i t  c a n  b e  n o t e d  t h a t  minimum p a n e l  mass is  a s s o c i a t e d  w i t h  
minimum tube   d iameter .  The minimum t o t a l  p a n e l  mass a t  Design  Condition 1 
is s l i g h t l y  less t h a n  t h e  masses o b t a i n e d  w i t h  p r e v i o u s l y  d i s c u s s e d  d e s i g n  
approaches .   S imi la r ly ,   the   F inned  Tube Concept masses €or  Design  Conditions 
2 and 3 are s u b s t a n t i a l l y  b e l o w  t h o s e  a s s o c i a t e d  w i t h  t h e  o t h e r  H i g h  Heat 
T r a n s f e r  Tube Concepts. 
The f i n a l  h e a t  t r a n s f e r  a u g m e n t a t i o n  t e c h n i q u e  i n v e s t i g a t e d  was t h a t  
i n v o l v i n g  g e o m e t r i c  d i s c o n t i n u i t i e s  d e s i g n e d  i n t o  t h e  t u b e s  t h e m s e l v e s .  
F igure  7 4  p r e s e n t s  d a t a  f r o m  R e f e r e n c e  27 c o m p a r i n g  h e a t  t r a n s f e r  a n d  f r i c -  
t i o n  f a c t o r  c h a r a c t e r i s t i c s  f o r  a d impled  f la t tened  tube  and  a smooth  tube. 
A l t h o u g h  t h e  a p p a r e n t  g a i n  i n  h e a t  t r a n s f e r  w i t h  t h i s  c o n f i g u r a t i o n  is  im- 
p r e s s i v e ,  t h e  f r i c t i o n  f a c t o r  d a t a  d o  n o t  a p p e a r  t o  b e  c o r r e c t .  While t h e  
s h a p e  o f  t h e  f r i c t i o n  f a c t o r  d a t a  i s  b e l i e v a b l e  t h e r e  is no l o g i c  t h a t  c a n  
e x p l a i n  how t h e  f r i c t i o n  i n  a dimpled tube can be below that  of  the smooth 
tube .  Due t o   t h e   d o u b t s   c o n c e r n i n g   t h e   v a l i d i t y   o f   t h i s   a v a i l a b l e   d a t a   a n d  
t o  t h e  p r o d u c i b i l i t y  c o m p l i c a t i o n s  t h a t  w o u l d  arise when us ing  such  tubes  
i n  a c o o l e d  p a n e l  d e s i g n ,  t h i s  t e c h n i q u e  w a s  n o t  s t u d i e d  i n  any f u r t h e r  d e -  
t a i l .  
I n  summary , t h e  Roughened Tubes , S w i r l  Flow, and Finned Tube Concepts 
a l l  a f f o r d  a n  o v e r a l l  mass savings  because  the  hea t  t ransfer  improvements  out -  
we igh   t he   p re s su re   d rop   pena l t i e s .   These   s av ings  a re  o f   s u f f i c i e n t  magni- 
t u d e  t h a t  h e a t  t r a n s f e r  a u g m e n t a t i o n  s h o u l d  b e  cons ide red  in  any  subsequen t  
s t u d y   o f   a c t i v e l y   c o o l e d   p a n e l s .   F o r   t h e   p u r p o s e s  o f  t h i s  s t u d y ,  i t  appears  
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Conf igu ra t ion  
FIN. TUBE 1 
FIN. TUBE 2 
FIN. TUBE 3 
FIN. TUBE 4 
FIN. TUBE 5 
FIN. TUBE 6 
FIN. TUBE 7 
F I N .  TUBE 8 
Design 
Condi t ion  
Tube Tube 
P i t c h  Diameter 
cm ( i n )  cm (in) 
1.91 (0.75) 0.48  (3/16) 
2.54 (1.00) 0.64  (1/4) 
2.54 (1.00) 0.95  (3/8) 
1.91  (0.75)  0.48  (3/16) 
Coolant 
Flow/Tube 
g /s   ( lbm/hr )  






52.3  (415) 
145.6  (1155) 
Panel  
kPa ( l b f / i n 2 ) -  
AP 
97 (14) 
28  (4) 
7 (1) 
276 (40) 




Note: A l l  c o n f i g u r a t i o n s  h a v e  o u t e r  s k i n  t h i c k n e s s  = 1 .02  mm (0.040 in) 
Conf igu ra t io r  
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Coolant 










C o o l a n t   i n   C o o l a n t  
D i s t r i b u t i o n   D i s t r i b u t i o n  
6.7 (14.8) 1 .7  (3.8) 
7.0 (15.4) 1 . 7  (3.7) 
9.6 (21.1) 2.3 (5.0) 
11.2 (24.8) 3.2 (7.1) 
17.6 (38.8) 4.8 (10.5) 
22.8 (50.3) 5.6 (12.3) 
27.1  (59.8) 15.6 (34.4) 
49.0  (108.1) 13.4 (29.5) 
Heat I 
Exchanger I Pumps 
kg  (lbm) 1-j 
(2.6) 
(3.1) 
4.4  (9.7) 
P a n e l  












Components T o t a l  
Mass Mass 
kg  (lbm)  
17  (37) 117 (258) 
20 (43) 120  (265) 
35 (77) 140  (309) 
25  (56) 134 (295) 
38 (84) 146 (321) 
57  (126) 170  (374) 
77 (170) 180  (396) 
109  (241) 217 (479) 
Pumping , 
Power i 





17  (37) 
20  (43) 
35  (77) 
25 (56) 
38  (84) 
57 (126) 
77  (170) 
LO9 (241) 
FIGURE 73 
SUMMARY OF FINNED TUBES  CONCEPT  CONFIGURATIONS 
Circular Tube 
- - 0- Dimpled, Flattened Tube 
* Data from Reference 27 







that  the Finned Tube Concept  i s  the  most  a t t ract ive augmentat ion technique 
examined.   This   can  be  explained  by  examining  Figures   75  and  76.   These  f ig-  
u r e s  m e r g e  t h e  h e a t  t r a n s f e r  a n d  f r i c t i o n  f a c t o r  c h a r a c t e r i s t i c  d a t a  o f  a l l  
of t h e  p r o m i s i n g  t e c h n i q u e s  d i s c u s s e d  i n  t h i s  s e c t i o n .  I n  t h e  R e y n o l d s  num- 
be r  r ange  o f  2 x l o 3  t o  1 x l o 4 ,  w h e r e  t h e  m a j o r i t y  o f  d e s i g n  c o n f i g u r a t i o n s  
ana lyzed  can  be  cha rac t e r i zed ,  t he  f inned  tubes  p rov ide  bo th  the  mos t  des i r -  
a b l e  h e a t  t r a n s f e r  a n d  f r i c t i o n .  f a c t o r  c h a r a c t e r i s t i c s .  
4.3.7 I n s u l a t e d  P a n e l  - The r e s u l t s  o f  MCAIR'S Radia t ive  Ac t ive ly  Coo led  
Panel  program (NAS1-13939) p r o v i d e d  t h e  b a s i s  f o r  a n a l y s i s  o f  a n  I n s u l a t e d  
Panel   des ign .  A s  shown i n  F i g u r e  2 8 ,  the   concept   assumed  for   ana lys i s   employs  
a n   e x t e r n a l   t h e r m a l   p r o t e c t i o n   s y s t e m  (TPS) a t t a c h e d  t o  t h e  c o o l e d  p a n e l .  The 
TPS c o n s i s t s  of a Rene s h i n g l e  a n d  a l a y e r  o f  i n s u l a t i o n .  The s h i n g l e  r e a c h e s  
s u f f i c i e n t l y  h i g h  t e m p e r a t u r e s  t h a t  l a r g e  q u a n t i t i e s  of incoming  aerodynamic 
h e a t  are r a d i a t e d  away.  The l a y e r   o f   i n s u l a t i o n   p r o t e c t s   t h e   c o o l e d   p a n e l   f r o m  
d i r e c t  c o n t a c t  w i t h  t h e  h o t  s h i n g l e .  A minimum t h i c k n e s s  l a y e r  o f  i n s u l a t i o n  
has  been  shown, i n  t h e  c o n c u r r e n t  s t u d y  t o  b e  s u f f i c i e n t  f o r  h e a t  l o a d s  o f  
t h e   m a g n i t u d e   c o n s i d e r e d   i n   t h i s   s t u d y .   T h e r e f o r e ,  a 0 . 3 2  c m  (118 i n )  l a y e r  
o f  i n s u l a t i o n  w a s  a s s u m e d  w i t h o u t  r e s o r t i n g  t o  d e t a i l e d  TPS o p t i m i z a t i o n  
s t u d i e s .  
W h i l e  t h e  a d d i t i o n  o f  t h e s e  e x t e r n a l  TPS p r o v i s i o n s  a d d s  6 6 . 2  kg ( 1 4 6  
lbm) t o  t h e  s t r u c t u r a l  mass, t h e  ACS component masses are d r a s t i c a l l y  r e d u c e d  
s i n c e   t h e   h e a t   t h a t   m u s t   b e   a b s o r b e d  by t h e  c o o l a n t  i s  small. F igure  77 com- 
p a r e s  t h e  h e a t  t h a t  m u s t  b e  a b s o r b e d  by t h e  I n s u l a t e d  P a n e l  w i t h  t h e  b a r e  
c o o l e d   p a n e l ' s   e x t e r n a l   s u r f a c e   h e a t   l o a d .  To d e r i v e   t h e s e   r e l a t i o n s h i p s ,   t h e  
d e s i g n  h e a t  l o a d s  were c o n v e r t e d  t o  c o n v e c t i v e  h e a t i n g  p a r a m e t e r s  o f  a n  a d i a -  
b a t i c  w a l l  t e m p e r a t u r e   a n d   e x t e r n a l   s u r f a c e   h e a t   t r a n s f e r   c o e f f i c i e n t s .   F o r  
Mach 6 c r u i s e ,  a t  a n  a l t i t u d e  o f - 3 0 . , 5  km ( 1 0 0 , Q O O ~  g t ) ,  .an a d i a b a t i c  w a l l  t ew  
p e r a t u r e  o f  1 6 7 2  K (2550OF) i s  r e p r e s e n t a t i v e .   B a s e d   o n   t h e  TPS c o n f i g u r a t i o n  
desc r ibed  above ,  t he  fo l lowing  equ iva lences  were o b t a i n e d :  
r. -~ ". ~, . .. . ~. ~ ~ ;I t o  Bare Cooled Mach 6 I n s u l a t e d  P a n e l  S u r f a c e  . Panel  a t  ~ 3 9 4  K (250'F)- . . . ~ Heat T r a n s f e r  C o e f f i c i e n t ,  LTwGqBtu/sec f'2)-~ 
~~ ~ - W/mZ*K ( B t u / h r   f t 2  OF) 
1 22.7  (2 1 17.8  (3.12) 56.7 (5) 44.4 (7.83) 113.5 (10) 1 3 3 . 2  (23.48) 170.2  (15) 88.8 . (15.65) 45.4  (4) 35.5  (6.26) A/".- - 111 
f 
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Cooled Panel  External  Skin  Temperature 
311 K (100'F) 
'366 K (200°F), 
0 50 100  150 200 









Surface  Heating  Rate  Due to Aerodynamic  Heating - Btu/sec ft 2 
FIGURE 77 
ACTIVE  COOLING  SYSTEM  HEAT  ABSORPTION  REQUIREMENTS 
ARE  REDUCED  WITH  INSULATED  PANEL  CONCEPT 
The i n s u l a t i o n  t h e r m a l  c o n d u c t i v i t y  u s e d  r e f l e c t e d  t h e  b e n e f i c i a l  e f f e c t s  o f  
t h e  r e d u c e d  p r e s s u r e s  a t  30.5 km (100,000 f t )  a l t i t u d e .  Heat i n p u t s  t o  t h e  
c o o l e d  p a n e l  t h e r m a l  m o d e l  a l s o  r e f l e c t e d  t h e  e f f e c t s  of t h e  l o c a l  c o o l e d  
p a n e l   s k i n   t e m p e r a t u r e  as i n d i c a t e d  i n  F i g u r e  7 7 ,  As a r e s u l t ,  t h e  t o t a l  
hea t  abso rbed  by  the  Insu la t ed  Pane l  coo l ing  sys t em compared  to  t h a t  a b s o r b e d  
b y  t h e  c o o l i n g  s y s t e m s  s i z e d  f o r  t h e  o t h e r  c o n c e p t s  was reduced as fo l lows :  
Design 
Condition. . . 
I n s u l a t e d  P a n e l  Heat Load 




These  l a rge  r educ t ions  i n  a b s o r b e d  h e a t  are r e f l e c t e d  i n  t h e  ACS component 
masses s u m a r i z e d   i n   F i g u r e  78. T h i s   f i g u r e   a l s o   p r o v i d e s   t o t a l   I n s u l a t e d  
P a n e l  masses fo r   each   o f   t he   des ign   cond i t ions .  As e x p e c t e d ,   t h e  mass v a r i -  
a t i o n  f o r  t h i s  c o n c e p t  was small. While i t s  t o t a l  p a n e l  mass makes t h i s  con- 
cept uncompe t i t i ve  wi th  o the r  cand ida te  concep t s  a t  low h e a t i n g  c o n d i t i o n s ,  
the  Insu la ted  Panel  becomes  increas ingly  compet . i t ive  wi th  more  severe  hea t ing  
cond i t ions .  
The r educed  coo lan t  f l ows  r equ i r ed  by t h e  I n s u l a t e d  P a n e l  r e s u l t e d  i n  
smaller s t r u c t u r a l  t e m p e r a t u r e  g r a d i e n t s  a n d ,  t h e r e f o r e ,  l o w e r  t h e r m a l  stress 
l e v e l s   t h a n   t h o s e   i d e n t i f i e d   f o r   o t h e r   c o n c e p t s .   S i n c e   t h i s   d e s i g n   c o n c e p t  
in t roduced  no  new s t r u c t u r a l  c o m b i n a t i o n s ,  a d d i t i o n a l  s t r u c t u r a l  a n a l y s i s  
w a s  n o t  n e c e s s a r y .  The p a n e l  u n i t  masses shown f o r  t h e  I n s u l a t e d  P a n e l  i n  
F igu re  78 ,  are t h e  same as the  Modif ied  Baseline Panel Concept.  
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I '  
'I I Coolant  I Panel 
Design AP FlowITube 
C o n f i g u r a t i o n  k P a   ( l b f / i n 2 j  g / s   ( l b m / h r )  C o n d i t i o n '  
I I 
INS. PANEL 2 - 2  . .  . .  
INS. PANEL 3 4 1  ( 6) 3.2 (25) 3 
T h e r m a l  P r o t e c t i o n  
Sys tem . 
I n s u l a t i o n   P a n e l  
S h i n g l e  
kg  (lbm) kg  (lbm) kg (lbm) 
S t r u c t u r a l  and  At tach-  
Mass Mass ment Mass 
40 (89) 98  (216) 26 (57)  
40 ( 8 9 )  106 (234) 26 (57)  
~ 40 ( 8 9 )  100 (221) 26 (57) 
1 
. .  
. .  
.. ACS 
Components 
' Mass . Mass 
T o t a l  " 1 '  
( 14 )   171 '   (376) ' ,  
. (,14) 179. (394) 
8 (17)  1 174 (384) I 
Note: All c o n f i g u r a t i o n s   h a v e   o u t e r   s k i n   t h i c k n e s s  = 1.02 mm (0.040 i n ) ,  t u b e  p i t c h  = 2.54  cm (1.00 i n ) ,  a n d  
t u b e  d i a m e t e r  = 0.48 cm ( 3 / 1 6  i n ) .  
C o n f i g u r a t i o r  
INS. PANEL 1 
INS. PANEL 2 
INS. PANEL 3 
Coolant  
i n  P a n e l  
kg 
3.2  (7.1) 
3.2  (7.1) 
3.2  (7.1) 
Coolant  i n  
D i s t r i b u t i o n  
L i n e s  
kg  (lbm) 
1.6  (3.6) 
1 .9  (4 .1 )  
2.5  (5.6) 
Coolant  
D i s t r i b u t i o n  
L i n e s  
kg  (lbm) 
0.4 (0 .9)  
0.5 (1.0) 
0.6 ( 1 . 4 )  
Heat 
Exchanger 
kg  (Ibm) 
0.4 (0.8) 
0.4 (0 .8 )  
0.5 (1.2) 
Pump s 
kg  (lbm) 
0 . 1  (0.1) 
0.1  (0.1) 
0.1 (0.2) 
Pump i n  g 
Power I 
P e n a l t y  I R e s e r v o i r  
kg  (lbm) I kg (lbm) 
I 
0.1 (0.3)   0 .3  (0.7) 
0.2 ( 0 . 4 )  0.3  (0.7) 
0.3 ( 0 . 6 )  0.4 (0.8) 
FIGURE 78 
SUMMARY OF  INSULATED  PANEL  CONCEPT  CONFIGURATIONS ' 
4 . 3 . 8  Heat Pipe  Concept - In  theo ry ,  hea t  p ipes  can  abso rb  l a rge  quan-  
t i t ies o f  h e a t  a n d  t r a n s p o r t  t h e  h e a t  t o  a n o t h e r  r e g i o n ,  a n d  w i l l  f u n c t i o n  
w i t h   o n l y  a small t e m p e r a t u r e   d i f f e r e n c e .  A s  i n d i c a t e d  i n  F i g u r e  29, two 
arrangements  were c o n s i d e r e d .  I n  ' t h e  f i r s t  a r r a n g e m e n t ,  h e a t  p i p e s  were lo -  
c a t e d  b e t w e e n  t h e  c o o l a n t  t u b e s  t o  a b s o r b  t h e  h e a t  i n  t h e  r e g i o n  e x p o s e d  t o  
i n t e r f e r e n c e  h e a t i n g  a n d  t o  r e d i s t r i b u t e  i t  t o  o t h e r  r e g i o n s  of t h e  p a n e l .  
However, t h i s  a p p r o a c h  w o u l d  n o t  r e d u c e  t h e  t o t a l  h e a t  l o a d  so t h a t  ACS com- 
ponent  masses wou ld  n0 . t  be  s ign i f i can t ly  d i f f e ren t  f rom those  de t e rmined  fo r  
the   Modif ied   Base l ine   Panel   Concepts .   Thus ,   whi le   t empera ture   g rad ien ts   in  
t h e  h i g h l y  h e a t e d  s t r u c t u r e  w o u l d  b e  r e d u c e d ,  t h i s  w o u l d  n o t  p r o d u c e  s i g n i -  
f i c a n t  mass sav ings  (p rev ious  ana lyses  show t h e  d e s i g n s  t o  b e  r e l a t i v e l y  
i n s e n s i t i v e   t o   t h e r m a l   g r a d i e n t s ) .   I n   a d d i t i o n ,   i n s e r t i o n  of h e a t   p i p e s  
would require  wider  coolant  tube spacing which would reduce the system's  
s t r u c t u r a l  e f f i c i e n c y .  
' The second  arrangement shown i n  F igu re  29 was then  examined. It was 
assumed t h a t ,  i f  h e a t  p i p e s  c o u l d  b e  u s e d  t o  a b s o r b  t h e  e x c e s s  h e a t  l o a d  i n  
the  r eg ion  of i n c r e a s e d  h e a t i n g  a n d  t r a n s f e r  t h i s  h e a t  t o  t h e  c o o l a n t  i n  t h e  
p a n e l  e x i t  m a n i f o l d ,  a r e d u c t i o n  i n  ACS component mass might  be obtained 
s ince  the  to t a l  hea t  abso rbed  wou ld  be  r educed .  However a cursory  examina- 
t i o n  r e v e a l e d  t h a t  t h e  c o m b i n a t i o n  of h e a t  p i p e  l e n g t h ,  on the  o rde r  o f  
1.83 m ( 6  f t )  , and t h e  n e c e s s i t y  t o  o p e r a t e  a g a i n s t  t h e  g r a v i t a t i o n a l  e f f e c t s  
of f l i g h t ,  r e s u l t e d  i n  h e a t  p i p e  d i a m e t e r s  t h a t  were i n c o m p a t i b l e  w i t h  t h e  
bas ic   cooled   pane l   geometry .  It  w a s  r e a d i l y  a p p a r e n t  t h a t  t h e  h e a t  p i p e  
masses i n v o l v e d  c o u l d  b e  q u i t e  l a r g e .  
D i scuss ions  wi th  va r ious  MCAIR p e r s o n n e l  c u r r e n t l y  i n v o l v e d  i n  h e a t  p i p e  
s t u d i e s  r e v e a l e d  t h a t  o t h e r  p r o b l e m s  w o u l d  e x i s t  f o r  t h i s  a p p l i c a t i o n .  F o r  
example ,  due  to  the  l ack  o f  l ong  l i f e  da t a  on h e a t  p i p e s  i t  would be neces-  
s a ry  to  p rov ide  fo r  f r equen t  i n spec t ions  wh ich  wou ld  impose  r e s t r i c t ions  on 
panel   assembly.  Also, t o   m a i n t a i n   c o m p a t i b i l i t y   w i t h  aluminum s t r u c t u r e  t h e  
choice  of  working  f lu ids  becomes l i m i t e d  and  mos t  o f  t he  h igh ly  e f f i c i en t  
f l u i d s  cease t o  b e  c a n d i d a t e s .  Thus , Heat Pipe  Concepts do n o t  a p p e a r  t o  b e  
a t t r a c t i v e .  
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4.4 Concept  Comparisons 
The   concept   eva lua t ion ,   Sec t ion  4 .3 ,  emphas ized   des ign   requi rements   in  
' terms of t o t a l  mass chargeable   to   each   9 .29  m2 (100 f t  ) panel .  A rough com- 
p a r i s o n  o f  t h e  c o n c e p t s  c a n  b e  made  by examining  those  masses. The minimum 
t o t a l  p a n e l  masses a s s o c i a t e d  w i t h  e a c h  c o n c e p t  are summarized i n  F i g u r e s  79 ,  
80   and  81 fo r   Des ign   Cond i t ions  1, 2 and 3 r e spec t ive ly .   These   masses  are 
compared t o  t h e  u n i f o r m l y  h e a t e d  b a s e l i n e  p a n e l  d e s i g n s  d i s c u s s e d  i n  S e c t i o n  
3.4. 
2 
Design Condit ion 1 i s  t h e  least  severe of t h e  h e a t i n g  c o n d i t i o n s  con- 
s i d e r e d .  A s  shown i n  F i g u r e  79 ,  t h e  mass i n c r e a s e   ( o v e r   t h e   b a s e l i n e   p a n e l  
d e s i g n )  r e q u i r e d  t o  s a t i s f y  t h i s  c o n d i t i o n  i s  nomina l  i n  mos t  i n s t ances ,  a 
number  of  concepts  can  be  cons idered  compet i t ive  so le ly  on  a mass b a s i s .  
A t  the  more  severe  Des ign  Condi t ion  2 ,  t h e  mass d i f5erences  be tween con- 
c e p t s  become more  pronounced,  Figure 80. The Intermediate   Manifold  Concept  
and t h e  High Heat T r a n s f e r  Tube  Concepts o f f e r  d i s t i n c t  mass r e d u c t i o n s  com- 
p a r e d   t o   t h e   o t h e r   c o n c e p t s .  Of t h e   t h r e e   d e s i g n   c o n d i t i o n s ,   D e s i g n   C o n d i -  
t i o n  2 r e q u i r e s  t h e  h i g h e s t  p a n e l  s t r u c t u r a l  masses f o r  a l l  c o n c e p t s .  T h i s  
i s  a t t r i b u t a b l e  t o  t h e  h i g h  d e s i g n  l i m i t  loads imposed on t h e  r e g i o n s  de- 
s i g n e d   f o r   i n t e r f e r e n c e   h e a t i n g .  A s  e x p l a i n e d   i n   S e c t i o n  3 .3 ,  the   peak  
e x t e r n a l  n o r m a l  p r e s s u r e s  i n  t h e s e  r e g i o n s  a re  a f u n c t i o n  o f  t h e  r a t i o  
(qpeak'qunif onn 
o t h e r   c o n d i t i o n s .   T h i s  shows t h a t ,   i n   a d d i t i o n   t o   t h e   i n c r e a s e d   h e a t i n g  
) which i s  h ighe r  fo r  Des ign  Cond i t ion  2 t h a n  e i t h e r  o f  t h e  
a s s o c i a t e d  w i t h  d i s t u r b e d  f l o w  r e g i o n s ,  l o c a l  p r e s s u r e  e f f e c t s  are important  
as a cooled  panel  des ign  parameter .  
Since Design Condit ion 3 i m p o s e s  t h e  l a r g e s t  h e a t  l o a d  on t h e  p a n e l s ,  
t h e  p a n e l  masses a r e  s i g n i f i c a n t l y  h i g h e r  w i t h  w i d e r  s p r e a d s  b e t w e e n  con- 
c e p t s ,   F i g u r e  81. Al though  the   Insu la ted   Panel   Concept  w a s  non-competit ive 
a t  the  lower  des ign  cond i t ions ,  i t  i s  c l e a r l y  t h e  minimum mass c o n c e p t  t o  
sa t i s fy   Des ign   Cond i t ion  3 .  However, the  Thickened  Skin  Concept   and  the 
Finned Tubes Concept are s t i l l  c o m p e t i t i v e  d u e  t o  c o n s i d e r a t i o n s  o t h e r  t h a n  
mass. A b a s i c  s t u d y  o b j e c t i v e  was " t o  e v a l u a t e  t h e  d e s i g n s  o n  t h e  b a s i s  o f  
w e i g h t ,   r e l i a b i l i t y ,   a n d  ease of   manufacture ."   Therefore ,  i t  was necessary  
t o  d e r i v e  a r a n k i n g  s y s t e m  t h a t  i n c l u d e d  t h e s e  c o n s i d e r a t i o n s .  
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Total Panel Mass 
kg  (Ibm) 
Uniformly Heated  Baseline  Panel 
Modified Baseline  Panel Concept 
Thickened Skin Concept 
Intermediate Manifold Concept 
Branched  Tubes  Concept 
Basic  Separate  Panels Concept 
Alternate Separate  Panels Concept 
Roughened  Tubes  Concept 
Swirl  Flow Concept 
Finned  Tubes  Concept 
Insulated Panel Concept 
rn Panel Structural Mass 
0 ACS  Components Mass 
Thermal  Protection  System Mass 
113 (249) 
124 (274) 




I I I I I 
0 100 200 300 400 
Mass,  9.29 m Panel - kg 2 
"" 
I I 1 I 1 
0 200 400 600 800 
Mass, 100 f t2 Panel - Ibm 
FIGURE 79 
CONCEPT MASS SUMMARY - DESIGN  CONDITION 1 
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Total Panel Mass 
I kg (Ibm) 
Uniformly Heated  Baseline Panel 
Modified Baseline  Pan l  Concept 186 (409) 
Thickened  Skin Concept 170 (375) 
Intermediate Manifold Concept  161 (356) 
Branched Tubes Concept 180 (396) 
Basic  Separate  Panels Concept 178 (393) 
Alternate Separate  Pan ls Concept  184 (406) 
Roughened  Tubes Concept 147 (324) 
Swirl Flow Concept 139 (307) 
Finned Tubes  Concept  134 (295) 
Insulated Panel Concept 179 (394) 
Panel  Structural Mass t I 1 1 
0 100  200  300  400 
U ACS  Components Mass Mass, 9.29 m Panel - kg 2 
Thermal  Protection  System Mass I I 1 1 
0 200 400 600 800 
Mass, 100 ft 2 Panel - Ibm 
FIGURE 80 
CONCEPT  MASS  SUMMARY - DESIGN  CONDITION 2 
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. 
Uniformly Heated  Baseline  Panel 
Modified Baseline  Panel Concept 
Thickened Skin Concept 
Intermediate Manifold Concept 
Branched  Tubes  Concept 
Basic  Separate  Panels Concept 
Alternate  Separate  Panels  Concept 
Roughened  Tubes  Concept 
Swirl  Flow Concept 
Finned Tubes Concept 
Insulated Panel Concept 
Iza Panel Structural Mass 
ACS Components Mass 
Thermal  Protection  System Mass 
140 (309) 
Total Panel Mass 
kg  (lbm) 
333  (735) 
195  (430) 
180 (396) 
174 (384) 
I I I 1 
0 100 200  300  400 . .  
Mass, 9.29 m Panel - kg 2 i 1, , - .._ r 
. .  
, .. . 
I I I 1 1 :  
0 200 400 600 800 
Mass, 100 ft2 panel - Ibm 
FIGURE 81 
CONCEPT  MASS  SUMMARY - DESIGN  CONDITION 3 
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4.4.1 Ranking  System - Ranking   sys tems  deve loped   for   o ther   s tud ies   in -  
c l u d i n g  t h e  R e f e r e n c e  2 program w e r e  reviewed. Most were f o u n d  t o  b e  r a t h e r  
d e t a i l e d   a n d   t o   i n v o l v e   u n i q u e   c o n s i d e r a t i o n s   p e r t i n e n t   t o   t h o s e   s t u d i e s .  It 
w a s  t h e r e f o r e  d e c i d e d  t o  f o r m u l a t e  a r a n k i n g  s y s t e m  s p e c i f i c a l l y  f o r  t h i s  
s tudy   tha t   would   merge   and   s impl i fy   those   sys tems.   This   ranking   sys tem is 
summarized i n  F i g u r e  8 2 .  
F o u r   f i g u r e s  of merit (mass,  p r o d u c i b i l i t y ,  r e l i a b i l i t y ,  and inspects- 
b i l i t y / m a i n t a i n a b i l i t y )  were i d e n t i f i e d .  A weigh ing   f ac to r  was a s s i g n e d   t o  
e a c h   f i g u r e   o f  merit. The emphasis was placed  on mass. Al though  cos t  was 
n o t  i d e n t i f i e d  as a s p e c i f i c  f i g u r e  o f  merit, c o s t  c o n s i d e r a t i o n s  were in-  
cluded.  For  example, mass a f f e c t s  b o t h  t h e  i n i t i a l  and o p e r a t i n g   c o s t   o f  a 
f l i g h t   v e h i c l e .   P r o d u c i b i l i t y   r a n k i n g s   t o  a l a r g e   e x t e n t   i n v o l v e   t h e  con- 
s i d e r a t i o n s  l e a d i n g  t o  t h e  i n i t i a l  item c o s t .   R e l i a b i l i t y   a n d   i n s p e c t a b i l -  
i t y / m a i n t a i n a b i l i t y  c o n s i d e r a t i o n s  a re  a l s o  f a c t o r s  c o n t r i b u t i n g  t o  o p e r a t i o n a l  
c o s t  . 
As shown i n  F i g u r e  8 2 ,  t h e  r a n k i n g  scale was set  up s o  t h a t  a grade  o f  
1 .0  i n d i c a t e s  t h a t  a concept  is  e q u i v a l e n t  t o  t h e  b a s e l i n e  p a n e l  c o n c e p t .  
G r a d e s  b e l o w  1 . 0  r e f l e c t  q u a l i t i e s  i n f e r i o r  t o  t h e  b a s e l i n e  p a n e l  c o n c e p t  
w h i l e   t h o s e   a b o v e   1 . 0   r e f l e c t   s u p e r i o r   q u a l i t i e s .  Mass grading  was accom- 
p l i s h e d  by r a t i o i n g  t h e  c o n c e p t  mass t o  t h e  a p p l i c a b l e  b a s e l i n e  p a n e l  mass. 
P r o d u c i b i l i t y  g r a d i n g  w a s  based  on q u a n t i t a t i v e  e v a l u a t i o n s  of  t h e  re la t ive  
i n i t i a l  c o s t s  of t he   concep t s .  The remain ing   f igures   o f  merit were r a t e d  
q u a l i t a t i v e l y  b a s e d  on the  consensus  of  engineer ing  judgements  obta ined  f rom 
v a r i o u s  MCAIR i n d i v i d u a l s  i n v o l v e d  i n  related d e s i g n  s t u d i e s .  
4.4.2 Concept  Grading  and  Selection - Figure  83 p r e s e n t s  t h e  r e s u l t s  o f  
t h e  r a n k i n g .  G r a d e s  r e f l e c t i n g  t h e  e f f e c t  o f  minimum t o t a l  p a n e l  mass were 
de termined   for   each   concept  a t  each   o f   t he   t h ree   des ign   cond i t ions .   Grades  
f o r  t h e  t h r e e  r e m a i n i n g  f i g u r e s  of merit ( p r o d u c i b i l i t y ,  r e l i a b i l i t y ,  and 
inspectability/maintainability) were ass igned   for   each   concept .   These  were 
cons ide red   t o   be   i ndependen t   o f   t he   des ign   cond i t ion .   These   g rades  were used 
i n  c o n j u n c t i o n  w i t h  t h e  a p p l i c a b l e  mass g r a d e  t o  o b t a i n  a n  i n t e g r a t e d  s c o r e  
fo r  each  concep t  a t  a l l  t h r e e  d e s i g n  c o n d i t i o n s  u s i n g  t h e  f o l l o w i n g  e x p r e s -  
s ion  : 
I n t e g r a t e d   s c o r e  = F G + F G + F G + FIIM GI,M 
Where FW = T o t a l  p a n e l  mass w e i g h i n g  f a c t o r  = 0.5 
w w  P P R R  
Gw = T o t a l  p a n e l  mass grade  
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RATING SCALE - FACTORS RELATIVE TO BASELINE PANEL  CONCEPTS 
FIGURE OF WEIGHING 
MERIT FACTOR 
1. TOTAL  PANE 50% 
(STRUCTURAZ, + 
GRADE - 0 , 015 0 . 7 5 .  I 0125 110 1/2/ 
> 200% 150% 100% 50% NO 50% 
INCREASE INCREASE  INCREAS   INCREAS  CHANGE DECREASE 
2. PRODUCIBILITY, 20% 
EASE OF 
MANUFACTURE 
3 .  RELIABILITY 2 0% 
4. INSPECTABILITY / 10% 
MAINTAINABILITY 




1.5 x BASE NO 
I CHANGE I 
- BASE NO 1.5 X BASE 
1.5 CHANGE I 
I I I I I I 
(3+) x BASE 2 . 5  x BASE 2 x BASE 1.5 x BASE NO BASE -
CHANGE 1.5 
FIGURE 82 
CONCEPT  RANKING  SYSTEM 
Uni fo rmly  Hea ted  Base l ine  Pane l  
Modif ied  Base l ine  Panel  Concept  
Thickened Skin Concept  
In t e rmed ia t e  Man i fo ld  Concep t  
Branched  Tubes  Concept 
B a s i c  S e p a r a t e  P a n e l s  C o n c e p t  
A l t e r n a t e  S e p a r a t e  P a n e l s  C o n c e p t  
Roughened  Tubes  Concept 
S w i r l  Flow  Concept 
Finned  Tubes  Concept 
I n s u l a t e d  P a n e l  C o n c e p t  
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a - S e l e c t e d  C o n c e p t s  
FIGURE 83 
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CONCEPT  COMPARISONS - TWO DIMENSIONAL  INTERFERENCE  HEATING 
Fp = P r o d u c i b i l i t y ,  ease of  manufac ture ,  weighing  fac tor  = 0-2 
Gp = P r o d u c i b i l i t y  g r a d e  
FR 
= R e l i a b i l i t y  w e i g h i n g  f a c t o r  = 0.2 
GR = R e l i a b i l i t y  g r a d e  
F = Inspec tab i l i ty /Main ta inabi l i ty  w e i g h i n g   f a c t o r  = 0.1 
G = Inspectability/Maintainability grade 
I/M 
I /M 
T o t a l  P a n e l  Mass - T h i s  r e f l e c t s  t h e  r a t i o  o f  t h e  c o n c e p t  mass t o  t h e  
a p p l i c a b l e  b a s e l i n e  p a n e l  mass. The masses used were t h o s e  p r e s e n t e d  i n  
Figures  79 ,  80 and 81 f o r   t h e   t h r e e   d e s i g n   c o n d i t i o n s .   G r a d e s  were c a l c u l a -  
t e d  w i t h  t h e  f o l l o w i n g  r e l a t i o n s h i p  : 
Grade = 1 - ( X  change  in  mass) x ( g r a d e  s e n s i t i v i t y )  
Where M = Mass o f   s u b j e c t   c o n c e p t  
Mb = Mass o f  a p p l i c a b l e  b a s e l i n e  p a n e l  
For  example, a t  Design  Condition 3,  the  Thickened  Skin  Conce ! p t  t o t a l  p a n e l  
mass = 195 kg  (430  lbm)  whi le  the  uni formly  hea ted  base l ine  pane l  mass = 140 
kg (309 lbm) . 
Therefore:   Grade = 1 - ( x 140 - 140)  = 0.8 
P r o d u c i b i l i t y  - T h e s e  g r a d e s  r e f l e c t  t h e  r a t i o  o f  t h e  c o s t  a s s o c i a t e d  
w i t h   t h e   s u b j e c t   c o n c e p t   w i t h   t h a t   o f   t h e   b a s e l i n e   p a n e l .  The c o s t s   d e t e r -  
mined were r e p r e s e n t a t i v e  o f  a p a n e l  r e a d y  f o r  a i r c r a f t  i n s t a l l a t i o n .  P e r t i -  
nent  assumpt ions  made f o r  t h i s  e v a l u a t i o n  were; o n l y  f l a t  p a n e l s  are involved ,  
1985 - 1990  technology  bases,   and more than 200 u n i t s  w i l l  be  produced. Once 
t h e  c o s t s  were de termined ,  the  grades  were c a l c u l a t e d  w i t h  a - r e l a t i o n s h i p  
similar t o  t h a t  u s e d  t o  d e r i v e  mass grades .  
P r o d u c i b i l i t y  g r a d e s ,  e x c e p t  f o r  t h a t  o f  t h e  I n s u l a t e d  P a n e l  C o n c e p t ,  
f a l l  between 0.95 and 1.0;  i . e .  only one concept w i l l  c o s t  more than  10 per-  
c e n t  a b o v e  t h e  b a s e l i n e  p a n e l  c o s t .  The s i g n i f i c a n t  i n c r e a s e  i n  c o s t  a s s o c i -  
a t ed  wi th  the  Insu la t ed  Pane l  Concep t  i s  a t t r i b u t a b l e  t o  t h e  a d d i t i o n a l  
t he rma l  p ro tec t ion  sys t em (TPS) components - t h e  Rene s h i n g l e ,  i n s u l a t i o n ,  
i n s u l a t i o n  retainer,  etc.  
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The p r o d u c i b i l i t y  i n s e n s i t i v i t y  was r e l a t e d  t o  several m a j o r  f a c t o r s .  
F i r s t  of a l l ,  t h e  b a s i c  c o s t  of f a b r i c a t i n g  t h e  b a s e l i n e  p a n e l  is q u i t e  h i g h  
due, i n  l a r g e  p a r t ,  t o  t h e  c o m p l e x i t i e s  e n c o u n t e r e d  i n  w o r k i n g  w i t h  honeycomb 
s t r u c t u r e .  A s  a r e s u l t ,  m o d i f i c a t i o n s  r e q u i r e d  b y  t h e  p r o p o s e d  p a n e l  d e s i g n s  
such as a d d i t i o n a l  m a n i f o l d i n g  a n d / o r  v a r i a b l e  s k i n  t h i c k n e s s e s  can b e  accom- 
modated a t  r e l a t i v e l y  small expense.   Secondly,   whi le  some concepts ,   such  as 
t h o s e  i n c o r p o r a t i n g  h i g h  h e a t  t r a n s f e r  t u b e s ,  w o u l d  r e q u i r e  a development 
p rogram,  the  cos t s  o f  such  a program would  be  ins igni f icant  once  amor t ized  
i n t o  t h e  b a s i c  p a n e l  f a b r i c a t i o n  p r o g r a m .  
R e l i a b i l i t y  - The g r a d e s  a s s i g n e d  t o  r e l i a b i l i t y  a n d  i n s p e c t a b i l i t y 1  
m a i n t a i n a b i l i t y  were der ived  f rom a consensus of  engineer ing judgements .  
S i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  c o n s i d e r a t i o n s  c o n t r i b u t i n g  t o  r e l i a b i l i t y  
( d u r a b i l i t y ,  damage a n d  f a i l u r e  t o l e r a n c e s  , and  ove ra l l  des ign  complex i ty )  
were i d e n t i f i e d .  As a r e s u l t ,   r e l i a b i l i t y   g r a d e s   v a r y   w i d e l y .   F a c t o r s   t h a t  
i n f l u e n c e d  t h e  r e l i a b i l i t y  g r a d i n g ,  e x p r e s s e d  as c o n c e p t u a l  d i f f e r e n c e s  f r o m  
t h e  b a s e l i n e  p a n e l  d e s i g n ,  were as f o l l o w s  : 
a .  Modif ied   Base l ine   Panel  - i n c r e a s e d  l e a k a g e  p o t e n t i a l  d u e  t o  m o r e  
tubes  and  h ighe r  p re s su res .  
b.   Thickened  Skin - q u e s t i o n a b l e  p e e l  s t r e n g t h  c a p a b i l i t y  i n  t u b e l s k i n  
i n t e r f a c e  d u e  t o  s h a p i n g  a n d  c o n t o u r i n g  r e q u i r e d .  
c. In te rmedia te   Mani fo ld  - i n c r e a s e d   l e a k a g e   p o t e n t i a l   d u e   t o   a d d i -  
t i o n a l  m a n i f o l d .  
d.  Branched  Tubes - p o t e n t i a l   b e n d i n g   f a i l u r e s   i n   f i t t i n g s ,   q u e s t i o n -  
a b l e  p e e l  s t r e n g t h  c a p a b i l i t y  and r e d u c e d  f a t i g u e  l i f e  c h a r a c t e r i s -  
t i c s .  
e. Sepa ra t e   Pane l s  - i n c r e a s e d   l e a k a g e   p o t e n t i a l   d u e   t o   a d d i t i o n a l  
man i fo lds  and  coo l ing  sys t em in t e r f aces .  
f .  High Heat T r a n s f e r  Tubes - a l l  c o n c e p t s   d i s p l a y   i n c r e a s e d   p o t e n t i a l  
for   f low  c logging ,   roughened   tubes   downgraded   due   to   poss ib i l i ty   o f  
s t r u c t u r a l  d e g r a d a t i o n  d u r i n g  r o u g h e n i n g  p r o c e s s ,  f i n n e d  t u b e s  down- 
g r a d e d  d u e  t o  p o s s i b i l i t y  o f  stress c o n c e n t r a t i o n s  i n  f i n  r o o t s .  
g .   I n s u l a t e d   P a n e l  - h i g h   f a i l u r e   t o l e r a n c e ,   p a r t i c u l a r l y   i n   t h e   e v e n t  
of l o s s  o f  c o o l a n t ;  a l s o  TPS o f f e r s  p o s i t i v e  p r o t e c t i o n  t o  p a n e l  
o u t e r  s u r f a c e .  
Inspectability/Maintainability ”_ - G r a d e s   r e f l e c t i n g   t h e   d e g r e e   o f   d i f f i -  
c u l t y  r e q u i r e d  t o  i n s p e c t  and  main ta in  the  pane l  concepts  do n o t  i n d i c a t e  
any   g rea t   dev ia t ion   f rom  the   base l ine   pane l   r equ i r emen t s .   Th i s  is due   p r i -  
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m a r i l y  t o  t h e  f a c t  t h a t  i n s p e c t i o n  o f  t h e  b a s e l i n e  p a n e l  is  e x p e c t e d  t o  b e  
d i f f i c u l t  a n d ,  o n c e  a n  a c c e p t a b l e  t e c h n i q u e  is e s t a b l i s h e d ,  f u r t h e r  c o m p l i -  
ca t ions  imposed  by  the  un ique  cha rac t e r i s t i c s  o f  ano the r  concep t  cou ld  be  
r e a d i l y  accommodated.  The  Thickened  Skin,   Intermediate  Manifold,   and  Branched 
Tubes Concepts were j u d g e d  t o  b e  s l i g h t l y  m o r e  d i f f i c u l t  t o  i n s p e c t  t h a n  t h e  
b a s e l i n e  d u e  t o  t h e  more  complex s t ruc tu ra l  a r r angemen t s  i nvo lved .  
The Modif ied Basel ine Panel  and High Heat Transfer  Tube Concepts  were 
judged t o  b e  n o t  much more d i f f i c u l t  t o  i n s p e c t .  Whi le   the   Separa te   Pane ls  
Concept would be somewhat more d i f f i c u l t  t o  i n s p e c t ,  i t  d o e s  o f f e r  a unique 
a d v a n t a g e  i n  t e r m s  o f  m a i n t a i n a b i l i t y  t h a t  w a s  judged to  more than outweigh the 
i n c r e a s e d   i n s p e c t i o n   c o m p l e x i t y .   I n   t h e   e v e n t   o f  a r e q u i r e d   p a n e l   r e p l a c e m e n t ,  
t h e  e f f o r t  a n d  c o s t  i n v o l v e d  t o  r e p l a c e  a smaller p a n e l  p r o v i d e s  a d i s t i n c t  
a d v a n t a g e .   F i n a l l y ,   t h e   I n s u l a t e d   P a n e l   C o n c e p t  was j u d g e d   l o w e s t   i n   t h i s  
c a t e g o r y  s i n c e  t h e  TPS must  be removed for  inspect ion/maintenance of  the 
cooled panel .  
Based on t h e  i n t e g r a t e d  s c o r e s  p r e s e n t e d  i n  F i g u r e  83, concept  recom- 
mendat ions  and  se lec t ions  were made f o r  e a c h  o f  t h e  t h r e e  d e s i g n  c o n d i t i o n s .  
For  Design  Condition 1, t h e  S w i r l  Flow Concept  has a h i g h  i n t e g r a t e d  s c o r e  
as do  the  Modif ied  Basel ine  Panel   and  Finned  Tubes  Concepts .   However ,   the  
S w i r l  Flow Concept was n o t  s e l e c t e d  f o r  t h e  f o l l o w i n g  r e a s o n s :  It was 
d e s i r a b l e  t o  c o n s i d e r  a s i n g l e  o p t i o n  a s  r e p r e s e n t a t i v e  o f  t h e  H i g h  Heat 
Trans fe r   Tubes   Concep t s   t o   ensu re   d ive r s i ty   i n   subsequen t   ana lyses .  Of t h e  
th ree  hea t  t r ans fe r  augmen ta t ion  t echn iques  cons ide red ,  t he  Roughened  Tube 
Concept was i n f e r i o r  a t  a l l   t h r e e   d e s i g n   c o n d i t i o n s .   B a s e d  on t h e   i n t e g r a t e d  
s c o r e s  i n  F i g u r e  83, t h e  d i f f e r e n c e s  b e t w e e n  t h e  S w i r l  Flow and  Finned  Tubes 
Concepts are small. However, t h e   s l i g h t   a d v a n t a g e   o f  swirl f low a t  Design 
Condit ion 1 is a t t r i b u t a b l e  t o  its s u p e r i o r  r e l i a b i l i t y  g r a d e  w h i c h  m u s t  b e  
recognized  as s u b j e c t i v e .  One f a c t o r   t h a t   s h o u l d   b e   c o n s i d e r e d   i n   c o m p a r i n g  
t h e s e  h e a t  t r a n s f e r  a u g m e n t a t i o n  t e c h n i q u e s  i s  t h e  level  o f  c o n f i d e n c e  i n  t h e  
d a t a  c o r r e l a t i o n s .  I n  t h i s  r e s p e c t  , c o n f i d e n c e   i n   t h e   f i n n e d   t u b e   d a t a   c o r -  
r e l a t i o n  was g r e a t e r  t h a n  t h a t  i n  t h e  swirl f l o w  d a t a  c o r r e l a t i o n  b e c a u s e  
d a t a  t r e n d s  t y p i f y i n g  swirl f l o w  c h a r a c t e r i s t i c s  c o n t a i n  some i n c o n s i s t e n -  
cies. Thus,  the  Finned  Tubes  Concept was s e l e c t e d  as r e p r e s e n t a t i v e  of t h e  
High Heat Transfer Tube Concepts.  
With the Design Condition 1 s e l e c t i o n  now l i m i t e d  t o  t h e  F i n n e d  Tubes 
and  Modif ied  Base l ine  Panel  Concepts ,  a f i n a l  c r i t e r i o n  w a s  cons idered .  
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S i n c e  a n y  h e a t  t r a n s f e r  a u g m e n t a t i o n  t e c h n i q u e  i n v o l v e s  some design complex- 
i t ies  a n d  u n c e r t a i n t i e s ,  it was f e l t  t h a t  t h e s e  c o n c e p t s  s h o u l d  show a de f in -  
i t e  advantage  over  al ternate compe t i t i ve  concep t s  be fo re  be ing  se l ec t ed .  
Therefore ,  the  Modif ied  Base l ine  Panel  Concept  w a s  s e l e c t e d  as the most  
attractive concept  for  Des ign  Condi t ion  1. 
\ 
For  Design  Condition 2 ,  t h e  s e l e c t i o n  is obvious  f rom  Figure 83. The 
Finned  Tubes  Concept was the  mos t  a t t r ac t ive  op t ion ,  and  on ly  the  o the r  H igh  
Heat T r a n s f e r  Tubes  Concepts   scored  compet i t ively.  
The  Finned  Tubes  Concept   a lso  scored  high a t  Design  Condition 3.  How- 
eve r ,  t he  Insu la t ed  Pane l  Concep t  s co red  even  h ighe r  and was s e l e c t e d  f o r  
t h i s  m o s t  s e v e r e  d e s i g n  h e a t i n g  c o n d i t i o n .  
Thus, a d i f f e r e n t  c o n c e p t  w a s  s e l e c t e d  as t h e  m o s t  a t t r a c t i v e  f o r  e a c h  
of t h e  t h r e e  s p e c i f i e d  h e a t i n g  c o n d i t i o n s .  F i g u r e  84 summar izes   t he   r e su l t s  
f o r  two d i m e n s i o n a l  h e a t i n g  p a t t e r n s  i n  terms of  se l ec t ed  concep t s ,  wh ich  
concepts  were c o n s i d e r e d  s u f f i c i e n t l y  c o m p e t i t i v e  t o  b e  e x a m i n e d  f o r  t h r e e  
d imens iona l  hea t ing  pa t t e rns ,  and  wh ich  concep t s  were e l i m i n a t e d  f r o m  f u r t h e r  
c o n s i d e r a t i o n .  
128 
ADDITIONAL CONCEPTS 
CHOSEN FOR 3-D HEATING 
RECOMMENDED CONCEPT PATTERN ANALYSIS AND 




o MODIFIED  BAS LINE o FINNED TUBES 
o INTERMEDIATE MANIFOLD 
o FINNED TUBES 0 INTERMEDIATE MANIFOLD 
o INSULATED PANEL 
o INSULATED PANEL o FINNED  TUBES 
o THICKENED SKIN 
CONCEPTS ELIMINATED FROM FURTHER CONSIDERATION 
o BRANCHED TUBES 
o SEPARATE PANELS (BOTH TUBE ORIENTATIONS) 
o ROUGHENED TUBES 
o SWIRL FLOW TUBES 
FIGURE 84 
STUDY  CONCLUSIONS - TWO  DIMENSIONAL  INTERFERENCE  HEATING . 

5. THREE DIMENSIONAL  INTERFERENCE HEATING PATTERNS 
The e f f e c t s  o f  t h r e e  d i m e n s i o n a l  i n t e r f e r e n c e  h e a t i n g  p a t t e r n s  on a c t i v e l y  
cooled   pane l   des ign  were a l s o  e v a l u a t e d .  H e a t i n g  ra te  d i s t r i b u t i o n s  f o r  e a c h  
o f  t h e  t h r e e  s p e c i f i e d  d e s i g n  c o n d i t i o n s  i n v o l v i n g  two d imens iona l  hea t ing  
p a t t e r n s  are  p r e s e n t e d  i n  F i g u r e  2 3 .  T h e s e  d i s t r i b u t i o n s  were m o d i f i e d  t o  
r e f l e c t  t h r e e  d i m e n s i o n a l  e f f e c t s  as shown i n  Figure   85 .  The h e a t i n g  rate 
d i s t r i b u t i o n  a l o n g  t h e  p a n e l  as a f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  l o c u s  o f  p e a k  
h e a t i n g  is t h e  same f o r  t h e  two a n d  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n s .  T h a t  
i s ,  t h e  l o c a l  h e a t i n g  ra te  in  the  reg ion  be tween the  peak  and  uni form hea t ing  
r e g i o n s  v a r i e s  s i n u s o i d a l l y  f o r  4 5 . 7  c m  ( 1 8  i n )  o n  e i t h e r  s i d e  of t h e  l o c u s  
of  peak heat ing.  
i 
F igu re  86, a n  i s o m e t r i c  view of a r e p r e s e n t a t i v e  two d imens iona l  hea t ing  
p a t t e r n ,  i n d i c a t e s  t h a t  t h e  p a t t e r n  i s  c o n s t a n t   a c r o s s   t h e   p a n e l   w i d t h .  The 
t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n s  c o n s i d e r  p e a k  h e a t i n g  a c r o s s  o n l y  1/3 o f  
t he  pane l  w id th  as shown i n  F i g u r e  8 5 .  The m i d d l e  t h i r d  o f  t h e  p a n e l  w i d t h  
e x p e r i e n c e s  l o c a l  h e a t i n g  rates between  the  peak  and  uniform leve ls .  The 
o t h e r  t h i r d  of t he  pane l  w id th  expe r i ences  no i n c r e a s e  i n  h e a t i n g  a b o v e  t h e  
u n i f o r m  l e v e l .  The i sometr ic  v iew of  a r e p r e s e n t a t i v e  3D h e a t i n g  p a t t e r n  
p r e s e n t e d  i n  F i g u r e  87  shows th is  pane l -wid th  dependence .  
Two a p p r o a c h e s  t o  t h e  e v a l u a t i o n  of t h r e e  d i m e n s i o n a l  h e a t i n g  e f f e c t s  were 
examined:  The bas ic   approach   used  w a s  t o  d e t e r m i n e  i n c r e a s e  i n  s t r u c t u r a l  mass 
t h a t  would enable a pane l  des igned  fo r  two d imens iona l  hea t ing  to  handle  a t h r e e  
d i m e n s i o n a l   p a t t e r n .   A n a l y t i c a l   p r e d i c t i o n s  of  t he   shape   and   ex ten t  o f  i n t e r -  
f e r e n c e  h e a t i n g  p a t t e r n s  a re  n o t  v e r y  a c c u r a t e .  T h e r e f o r e ,  p a n e l s  of  t h e  s i z e  
analyzed would probably be designed to accommodate the increased heating across 
t h e  e n t i r e  p a n e l  w i d t h .  A p a n e l  l o c a t e d  a t  t h e  t e r m i n a t i o n  of a n  i n t e r f e r e n c e  
h e a t i n g  p a t t e r n  c o u l d  e x p e r i e n c e  a t h r e e  d i m e n s i o n a l  p a t t e r n  r a t h e r  t h a n  t h e  
two d imens iona l   pa t t e rn   fo r   wh ich  i t  was d e s i g n e d .  T h i s  s i t u a t i o n  c o u l d  i n c r e a s e  
the  thermal  stresses t o  t h e  p o i n t  w h e r e  a d d i t i o n a l  s t r u c t u r a l  mass would be 
necessa ry .  
The s e c o n d  a p p r o a c h  c o n s i d e r e d  t h e  p o s s i b i l i t y  t h a t  t h e  i n t e r f e r e n c e  h e a t -  
i n g  c o u l d  b e  a c c u r a t e l y  d e f i n e d  t o  t h e  e x t e n t  t h a t  t h e  p a n e l  d e s i g n  n e e d  con- 
s i d e r  o n l y  t h e  s p e c i f i c  p a t t e r n s  p r e s e n t e d  i n  F i g u r e  8 5 .  T h i s  would  permit a 
r e d u c t i o n  i n  ACS component mass since t h e  t o t a l  h e a t  w h i c h  t h e  p a n e l  m u s t  b e  
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ISOMETRIC VIEW - THREE  DIMENSIONAL  HEATING  PATTERN 
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des igned  to  abso rb  wou ld  be  r educed .  However, t h i s  d e s i g n  a p p r o a c h  w o u l d  b e  
r i s k y  b a s e d  o n  c u r r e n t  a n a l y t i c a l  t e c h n i q u e s .  It i s  e x t r e m e l y  d o u b t f u l - i f  t h e  
r e q u i r e d  d e g r e e  o f  a c c u r a c y ,  i n  d e t e r m i n i n g  t h e  l o c a t i o n  o f  t h e  h e a t i n g  p a t -  
t e r n ,  c o u l d  b e  a c h i e v e d  f o r  an o p e r a t i o n a l  a i r c r a f t .  
5.1 - Pane l s   Des igned   fo r  Two Dimens ional   Heat inq  
Ten combinations of p a n e l  c o n c e p t  a n d  d e s i g n  c o n d i t i o n  were examined to 
d e t e r m i n e  t h e  e f f e c t s  o f  t h r e e  d i m e n s i o n a l  h e a t i n g  o n  c o n f i g u r a t i o n s  d e s i g n e d  
f o r  two d imens iona l   hea t ing .   These  cases inc luded  a t  least t h r e e  c o m p e t i t i v e  
d e s i g n s  f o r  e a c h  d e s i g n  c o n d i t i o n :  
Design Condit ion Design Concept 
Modif ied  Base l ine  Panel ,  F inned  Tubes ,  and  In te r -  
mediate   Manif   old 
F inned   Tubes ,   In te rmedia te   Mani fo ld ,   Insu la ted  
Panel ,  and Modif ied Basel ine Panel  
Insulated  Panel ,   Finned  Tubes,   and  Thickened  Skin 
The s t r u c t u r a l  a n a l y s e s  o f  pane l s  des igned  fo r  two d imens iona l  hea t ing  as- 
sumed t h a t  p a n e l s  a d j o i n i n g  t h e  u n i f o r m l y  h e a t e d  p o r t i o n  o f  t h e  p a n e l  h a d  t h e  
same un i fo rm hea t ing  rates. The r e g i o n  o f  i n c r e a s e d  h e a t i n g  was a l s o  assumed 
t o   e x t e n d   a c r o s s   t h e   a d j a c e n t   p a n e l s .  The s u b j e c t   p a n e l s  were, t h . e r e f o r e ,   a b l e  
to  expand  a long  wi th  the  rest o f  t h e  s t r u c t u r e ,  as t empera tu res  inc reased ,  
w i t h  n o  e x t e r n a l  r e a c t i o n s .  
- 
F o r  t h e  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n s ,  t h e  e d g e  e f f e c t s  c o u l d  n o t  b e  
n e g l e c t e d   b e c a u s e   t h e   a d j a c e n t   p a n e l s   h a v e   d i f f e r e n t   h e a t i n g   p a t t e r n s .  I n  
a d d i t i o n ,  t h e  h e a t i n g  p a t t e r n s  o n  t h e  s u b j e c t  p a n e l  are unsymmetrical  as shown 
i n   F i g u r e  87.  These   d i f f e rences   cause   t he rma l  stresses a n d   e x t e r n a l   r e a c t i o n s  
a t  t h e  e d g e s  i n  a d d i t i o n  t o  t h e  t h e r m a l  stresses caused  by  loca l  thermal  gra-  
d i e n t s ,  s u c h  as exis t  i n  t h e  o u t e r  s k i n  f r o m  t u b e  t o  t u b e .  T h e s e  a d d i t i o n a l  
l o a d s  a n d  r e a c t i o n s  were determined by use of  the Computer  Aided S t r u c t u r a l  
Design (CASD) f in i te   e lement   computer   p rogram.  The s t r u c t u r a l  model i s  shown 
i n  F i g u r e  88. The  model r e p r e s e n t s  t h e  o u t e r  s k i n  a n d  c o o l a n t  t u b e s  o v e r  t h e  
e n t i r e  w i d t h  o f  t h e  p a n e l  b e t w e e n  t h e  l o c u s  o f  p e a k  h e a t i n g  a n d  a s t a t i o n  
1.22 m (4 .0  f t )  f rom  the   l ocus  of p e a k  h e a t i n g .  B e c a u s e  t h e  h e a t i n g  p a t t e r n s  
were symmetrical about  the  locus  of  peak  hea t ing ,  the  model  represented  a 
2.44 m (8.0 f t )  l e n g t h  o f  t h e  p a n e l .  E x c e p t  f o r  t h e  area of   peak   hea t ing ,  
t h e  a d j a c e n t  p a n e l s  w o u l d  e x p e r i e n c e  h e a t i n g  similar t o  t h a t  o f  t h e  
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STRUCTURAL FINITE ELEMENT COMPUTER MODEL 
un i fo rmly   hea t ed   po r t ion  of t h e  s u b j e c t  p a n e l .  A s l i g h t l y  c o n s e r v a t i v e  
assumption w a s  made t h a t  a l l  a d j a c e n t  p a n e l s  were s u b j e c t e d  t o  o n l y  t h e  
un i fo rm hea t ing  rate. Therefore ,   t empera tures  i n  t h e  s u b j e c t  p a n e l  up t o  
t h e  m a g n i t u d e  o f  t h o s e  i n  t h e  u n i f o r m l y  h e a t e d  area would cause the panel  
t o  grow w i t h  no e x t e r n a l  r e a c t i o n s  i n  t h e  p l a n e  of the  panel .   The amount 
by which  tempera tures  in  the  peak  hea t ing  reg ion  exceeded  those  in  the  
un i fo rm hea t ing  area c a u s e d  t h e  e x t e r n a l  r e a c t i o n s  and t h e  a d d i t i o n a l  i n t e r n a l  
thermal  stresses. A t  each   ,node   the .weighted   average   t empera tures  were ca l -  
c u l a t e d  by m u l t i p l y i n g  t h e  area of each  e lement  of  the  thermal  moTl  c ross  
s e c t i o n  (shown i n  F i g u r e  8 ,  V i e w  A-A) by i t s  tempera ture  and  d iv id ing  by t h e  
t : o t a l  area. The d i f f e r e n c e s   b e t w e e n   t h e s e   a v e r a g e   t e m p e r a t u r e s   i n   t h e  
i n t e r f e r e n c e  h e a t i n g  area and the uniformly heated area were determined and 
used as i n p u t s  t o  t h e  CASD program. 
. .  . .  
A l l  of the  nodes ,  except  those  nodes  a round the  per iphery  were f r e e  t o  
d e f l e c t  i n  t h e  p l a n e  of t h e   s k i n .  The nodes a t  t h e   p a n e l   p e r i p h e r y w e r e  
suppor t ed  aga ins t  de f l ec t ion  no rma l  to  the  pane l  edges ,  p roduc ing  ex te rna l  
r e a c t i o n s  a t  those   nodes ,  To keep  the  program  to  a r easonab le   s i ze ,   t he   mode l  
was s i m p l i f i e d  by mode l ing  on ly  the  ou te r  sk in  and tubes  and  by combining  an 
a p p r o p r i a t e  w i d t h  of p a n e l  i n t o  e a c h  b a r .  The  omfssion  of   the  inner   skin was 
j u s t i f i e d  by a compar i son  o f  i nne r  sk in  and  ave rage  ou te r  sk in  t empera tu res .  
This  comparison showed t h a t  t h e  i n n e r  s k i n  t e m p e r a t u r e s  were no  more  than 
8.3K (15'F) less than  the  ave rage  ou te r  sk in  t empera tu re  a t  each  loca t ion .  
The re fo re ,  i nne r  sk in  the rma l  stresses and  reac t ions  would  be  near ly  the  
same as f o r  t h e  o u t e r  s k i n .  The b a r  areas used  in   the  program were the   p ro -  
d u c t  of t h e  o u t e r  s k i n  t h i c k n e s s  and h a l f  t h e  d i s t a n c e  t o  t h e  a d j a c e n t  b a r s  
p l u s ,  f o r  b a r s  para l le l  t o  t h e  c o o l a n t  t u b e s ,  t h e  area of t he  inc luded  tubes .  
The shea r  pane l  t h i cknesses  used  were t h e  a c t u a l  o u t e r  s k i n  t h i c k n e s s e s .  
F igu res  89 and 90 show t y p i c a l  CASD i n p u t  ( j o i n t  temperature d i f f e r e n c e s  
and  ba r  a reas )  and o u t p u t  ( b a r  t h e r m a l  s t r e s s e s )  f o r  t h e -  t r a n s v e r s e  a n d  l o n g i -  
t u d i n a l  d i r e c t i o n s  r e s p e c t i v e l y .  The v a l u e s  shown rep resen t   t he   Modi f i ed  
Basel ine  Panel   Concept  a t  Design  Condi t ion 2. Th i s  case produced  the maximum 
t e n s i o n  stresses and  near  maximum compression stresses r e s u l t i n g  f r o m  t h e  un- 
symmetric h e a t i n g   p a t t e r n ,   T h e s e  stresses were then   added   t o   t he  stresses 
d u e  t o  t e m p e r a t u r e  g r a d i e n t s  as de te rmined  wi th  the  KBEB program t o  e s t a b l i s h  
t h e  t o t a l  t h e r m a l  stresses. F i g u r e  9 1  p r e s e n t s  a summary of t h e  maximum 
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MPa ( lbf   / in2  
- 2.2 (-312) 
- 1.9 (-280) 
- 1.2 (-175) 
- 0.4 (- 56) 
0.5 ( 75) 
1 .2  ( 175) 
1.8 ( 266) 
2.2 ( 315) 
- 5.7 (-824) 
- 5.3 (-771) 
- 3.8 (-554) 
- 1.1 (-165) 
2.4 ( 343) 
4.2 ( 607) 
3.5 ( 513) 
1.4 ( 199) 
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1 . 7  (3) 
0 (0) 
0.6 (1) 
1.1 ( 2 )  
1.1 ( 2 )  
1 . 7  (3) 
0 (0) 
0.6 (1) 





MPa ( lbf   / in2)  
. 1 . 7  (-240) 
- 0.3 (- 42) 
0.5 ( 76) 
1 .3  ( 189) 
1.6 ( 236) 
- 1.9 (-282) 
- 0.4 (- 59) 
0.7 ( 106) 
1.8 ( 265) 
2 . 4  ( 345) 
- 2.9 (-422) 
- 1.1 (-155) 
1 .5  ( 222) 
4.3 ( 624) 
4.6 ( 670) 
- 4.2 (-603) 
- 3.6  (-516) 
- 2 . 1  (-303) 
- 4 . 2  (-608) 
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MPa (lbf  /in2) 
- 5.6 (-812) 
- 7.1 (-1026) 
-10.1 (-1471) 
-11.3 (-1636) 
-11.7 (-1691) - 6.7 (-972) 




- 8.0 (-1155) 





- 8.3 (-1198) 
- 6.5 (- 948) 
- 6.0 (- 874) 

























u e  t o  Unsymmetrlc 
H e a t i n g  P a t t e r n  
MPa ( l b f  / i n L )  
-4 .9  ( -705)  
-9 .3  ( -1350)  
-8 .5   ( -1240)  
- 7 . 3   ( - 1 0 6 5 )  
-14.0  ( -2035) 
- 9 . 1   ( - 1 3 2 0 )  
-14 .4   ( -2090)  
-16 .0   ( -2320)  
-14 .6   ( -2120)  
-12 .6   ( -1820)  
MFa ( l b f  /inL: 
-11.1 ( -1610)  
-31 .2   ( -4530)  
-47 .3   ( -6860)  
-19 .3   ( -2800)  
-33.4  ( -4050)  
-11 .8   ( -1710)  
-33 .0   ( -4780)  
-0.5 ( -70 )  
- 1 . 3   ( - 1 9 0 )  
-20 .1   ( -2910)  
1 Therma l  S t r e ;  
:1 G r a d i e n t s  
Tube 
MF'a ( l b f / i n z  
1 2 . 2  ( 1 7 7 0 )  
43.9 ( 6 3 6 0 )  
67.5 ( 9 7 9 0 )  
30.8 ( 4 4 6 0 )  
48 .6  ( 7 0 5 0 )  
1 4 . 1  ( 2 0 5 0 )  
50 .0  ( 7 2 5 0 )  
-6 .2   ( -900)  
-5 .5   ( -800)  
6 7 . 4   ( 9 7 8 0 )  
es 
Tot: 
O u t e r  Skin 
ma (w . 21 
-16 .0   ( -2315)  
-40 .5   ( -5880)  
-55 .8   ( -8100)  
-26 .6   ( -3865)  
-47 .4  (-6885) 
-20 .9   ( -3030)  
-47.4  ( -6870)  
-16 .5   ( -2390)  
-15 .9   ( -2310)  
-32 .7   ( -4730)  
Tub e 
(l& 
7 .3  (1065) 
34 .6   (5010)  
59 .0   (8550)  
23 .5   (3395)  
34.6 (5015)  
5.0 ( 7 3 0 )  
35 .6   (5160)  
-22.2  ( -3 20)  
-20.1 ( -2920)  
54 .8   (7960)  
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MAXIMUM  LONGITUDINALTHERMALSTRESSES  -THREEDIMENSIONALCONCEPTS 
t o t a l  l o n g i t u d i n a l  t h e r m a l  stresses were added, in t u r n ,  t o  t h e  m e c h a n i c a l  
stresses , t o  d e t e r m i n e  t o t a l  stresses. A s  f o r  t h e  two dimens,ional h e a t i n g  
s t u d i e s ,  t h e  t h e r m a l  stresses were n o t  c r i t i ca l .  This w a s  because  the thermal  
stresses were compress ive  in  the  r eg ion  o f  peak  hea t ing  where  the  maximum 
mechanical stresses occur and the thermal  stresses were o f  i n s u f f i c i e n t  magni- 
t u d e  t o  c a u s e  t h e  t o t a l  c o m p r e s s i o n  stress t o  b e  more c r i t i c a l  than  the  mechan ica l  
. t e n s i o n  stresses. S i m i l a r l y ,  t h e  t r a n s v e r s e  t h e r m a l  stresses were no t   su f -  
f i c i e n t l y  l a r g e  t o  c a u s e  t h e  t o t a l  t r a n s v e r s e  t h e r m a l  stresses t o  b e  c r i t i ca l .  
me t r a n s v e r s e  t h e r m a l  stresses are t h e  t o t a l  stresses i n  t h a t  d i r e c t i o n  
because mechanical  stresses ac t  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  o n l y .  
It w a s  c o n c l u d e d  t h a t  t h e  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n s  a n a l y z e d  d i d  
n o t  r e s u l t  i n  t h e r m a l  stresses of s u f f i c i e n t  m a g n i t u d e  t o  i m p a c t  t h e  mass of 
p a n e l s   d e s i g n e d   f o r   t w o   d i m e n s i o n a l   i n t e r f e r e n c e   h e a t i n g .  The  low  thermal 
stresses are t h e  r e s u l t  o f  t h e  low maximum des ign  t empera tu re ,  394 K (250°F) ,  
which limits t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  t h e r m a l  g r a d i e n t s .  If t h e  maximum 
a l lowab le  pane l  t empera tu re  were i n c r e a s e d  a n d / o r  t h e  c o o l a n t  t e m p e r a t u r e  de- 
creased it is p o s s i b l e  t h a t  t h r e e  d i m e n s i o n a l  : ? e a t i n g  c o u l d  a f f e c t  t h e  p a n e l  
mass s i g n i f i c a n t l y .  
5 . 2  Panels   Designed  for   Three  Dimensional   Heat ing 
The s tudy  conduc ted  to  p rov ide  an  in s igh t  i n to  bene f i t s  t ha t  wou ld  be  
r e a l i z e d  by  des igning  a c o o l e d  p a n e l  s p e c i f i c a l l y  f o r  a w e l l  d e f i n e d  t h r e e  
d i m e n s i o n a l  h e a t i n g  p a t t e r n  made ex tens ive   u se   o f   p rev ious   r e su l t s .   These  
r e s u l t s  i n d i c a t e d  t h a t  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  s t r u c t u r a l  mass would  be 
r e a l i z e d .   T h e r e f o r e ,  i t  was necessa ry   t o   de t e rmine   on ly  ACS component mass 
changes.  
Of t h e  c o n c e p t s  i d e n t i f i e d  as l e a d i n g  c o n t e n d e r s  f o r  r e g i o n s  e x p o s e d  t o  
i n t e r f e r e n c e   h e a t i n g ,  some were n o t   s u i t a b l e   f o r   t h i s   s t u d y .   S i n c e   t h e   I n -  
su l a t ed  Pane l  Concep t  ACS requi rements  are  s o  small, the concept  would be 
v e r y  i n s e n s i t i v e  t o  t h e  m o d i f i c a t i o n s  i n  t h e  h e a t i n g  p a t t e r n  and changes 
w o u l d  n o t  b e  r e a d i l y  i d e n t i f i a b l e .  The Thickened  Skin  Concept  would  be 
c o m p e t i t i v e  o n l y  a t  Design Condition 3 and  va ry ing  sk in  th i ckness  wou ld  c loud  
t h e   r e s u l t s .   T h e r e f o r e ,   t h e   c h o i c e s   f o r   a n a l y s i s  were reduced   t o   t he   Modi f i ed  
Base l ine   Pane l ,   F inned   Tubes ,   and   In t e rmed ia t e   Man i fo ld   Concep t s .  Of  t h e s e ,  
the  Modif ied  Baseline Panel Concept a t  Design Condition 1 and the Finned Tubes 
Concept a t  Design Condition 2 were s e l e c t e d  f o r  p r e l i m i n a r y  a n a l y s i s .  
1 4 1  
- .  
. .  . 
ACS component masses w e r e - d e t e r m i n e d  f o r  t h e  t h r e e  d i m e n s i o n a l  h e a t i n g  
p a t t e r n s  b a s e d  on the  ' f o l lowing  a s sumpt ions :  
a .  
b .  
The c o o l a n t  f l o w  p e r  t u b e  is t h a t  r e q u i r e d  t o  m a i n t a i n  a 394 K (250'F) 
maximum p a n e l   t e m p e r a t u r e .   T h e r e f o r e ,   c o o l a n t   f l o w   i n   o n e - t h i r d   o f  
t h e . t u b e s  i s  t h e  same as f o r  t h e  p a n e l  d e s i g n e d  f o r  two dimensional  
i n t e r f e r e n c e  h e a t i n g ,  i n  a n o t h e r  t h i r d  o f  t h e  t u b e s  t h e  f l o w  i s  t h e  
same as t h a t  o f  t h e  p a n e l  d e s i g n e d  f o r  u n i f o r m  h e a t i n g ,  a n d  t h e  f l o w  
p e r  t u b e  i n  t h e  m i d d l e  t h i r d  o f  t h e  p a n e l  varies be tween the  two 
extremes. 
P a n e l  p r e s s u r e  d r o p  a n d  s y s t e m  o p e r a t i n g  p r e s s u r e  levels a r e  d i c t a t e d  
b y  t h e  t u b e s  t h a t  r e q u i r e  maximum flow.  As a r e s u l t ,  t h e  p a n e l  p r e s -  
s u r e  r e q u i r e m e n t s  are t h e  same f o r  t h e  t h r e e  d i m e n s i o n a l  c o n f i g u r a t i o n s  
as f o r  two d imens iona l  conf igu ra t ions .  
I _I. 
Based on t h i s  a p p r o a c h ,  t h e  m a j o r  d i f f e r e n c e s  b e t w e e n  p a n e l s  d e s i g n e d  f o r  t h r e e  
d i m e n s i o n a l  r a t h e r  t h a n  two d imens iona l  hea t ing  are t h a t  t h e  i n t e g r a t e d  p a n e l  
f low  requirements  are r educed   and   t he   t o t a l   hea t   abso rbed  i s  less.  The s t u d y  
r e s u l t s  are summarized i n  F i g u r e  9 2 .  
ACS Component 
Zoolant i n  L i n e s  
Zoo lan t  D i s t r ibu t ion  L ines  
Ieat Exchanger 
'ump s 
'urnping  Power P e n a l t y  
t e s e r v o i r  
To t a l  
~~~ ~ ~ ~ . ~ - ~  . 
Mass Reduct ion per  9 .29 m2(100 f t 2 )  P a n e l  
i 
Design Condit ion 1 
(Modif ied  Basel ine  Design  Condi t ion 2 
Panel Concept) (Finned  Tube  Concept) 
kg kg ( I b d  
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ACS  COMPONENT  MASS  REDUCTIONS BY DESIGNING FOR 
THREE  DIMENSIONAL  HEATING 
1 4  2 
While t h e s e  mass r e d u c t i o n s  are s i g n i f i c a n t  i n  t e r m s  o f  p e r c e n t  o f  
ACS component mass, t h e  r e d u c t i o n s  are small relative t o  t o t a l  p a n e l  mass. 
A l s o ,  t h e s e  r e d u c t i o n s  are o p t i m i s t i c  i n  t h a t  t h e y  do n o t  r e f l e c t  a mass 
p e n a l t y  f o r  p r o v i s i o n s  n e c e s s a r y  t o  p r o v i d e  i n d i v i d u a l  c o o l a n t  t u b e  f l o w  
con t ro l .  Ano the r  cons ide ra t ion  is t h a t  v e r y  few panels   per   vehic le   would  
h a v e  t o  b e  d e s i g n e d  s p e c i f i c a l l y  f o r  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n s ,  so  
t h a t  t h e  v e h i c l e  mass savings  would be i n s i g n i f i c a n t .  I n  summary, i t  would 
n o t  a p p e a r  t o  b e  l o g i c a l  t o  i n c r e a s e  d e s i g n  c o m p l e x i t y  b y  c o n s i d e r i n g  t h r e e  
d i m e n s i o n a l  h e a t i n g  p a t t e r n s  o n  a few i n d i v i d u a l  p a n e l s  as t h e  p o t e n t i a l  
advantages are n e g l i g i b l e .  
J 
. .  . 
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6.  PARAMETRIC EVALUATION OF  PANEL  DESIGN TRENDS 
A p a r a m e t r i c  e v a l u a t i o n  w a s  conduc ted  to  expand  the  use fu lness  o f  t he  
de r ived   i n fo rma t ion .  The p r e v i o u s l y   d i s c u s s e d   a n a l y s e s   h a d   a d d r e s s e d   t h r e e  
s p e c i f i c  d e s i g n  c o n d i t i o n s  i n  terms of  uniform and peak heat ing rates as 
fo i lows  : 
Uniform  Heating  Rate  Peak  Heating Rate - - 
Design  Condition kW/m 2 (B tu / sec  f t  2 ) kW/m2(Btu/sec f t  2 ) 
22.7  (2) 
22.7  (2) 
56.7  (5) 
45.4 (4) 
113.5  (10) 
1 7 0 . 2  (15) 
F o r  t h e  p a r a m e t r i c  s t u d y ,  t h e  r a n g e  o f  u n i f o r m  h e a t i n g  rates w a s  expanded to  
inc lude   t he   r ange   f rom  5 .7   t o   113 .5  kW/m ( 0 . 5   t o  1 0  B t u / s e c  f t  ) .  Rat ios   o f  
peak  to  un i fo rm hea t ing  as h i g h  as 5 w e r e  c o n s i d e r e d  t o  r e f l e c t  i n t e r f e r e n c e  
h e a t i n g .  P r e v i o u s  r e s u l t s  were rev iewed  to   de te rmine   which   des ign   concepts  
m e r i t e d  c o n s i d e r a t i o n .  
2 2 
A s  summarized i n  F i g u r e  8 4 ,  a d i f f e r e n t  c o n c e p t  was recommended f o r  e a c h  
o f  t h e  t h r e e  s p e c i f i e d  h e a t i n g  pat terns  s t u d i e d :  t h e  M o d i f i e d  B a s e l i n e  P a n e l  
Concept  for  Design Condit ion 1, the  F innedTubesConcept  for  Des ign  Condi t ion  
2 and   the   Insu la ted   Panel   Concept   for   Des ign   Condi t ion  3 .  I n  a d d i t i o n ,  t h e  
Intermediate Manifold and Thickened Skin Concepts were c o n s i d e r e d  t o  b e  
r e a s o n a b l y   c o m p e t i t i v e   n e a r   c e r t a i n   d e s i g n   c o n d i t i o n s .  A l l  f i v e   o f   t h e s e  
concepts  were e v a l u a t e d  d u r i n g  t h e  t h r e e  d i m e n s i o n a l  h e a t i n g  p a t t e r n  a n a l y s i s ,  
Sect ion  5 .   However ,   dur ing  both  the two  and   th ree   d imens iona l  pat tern analy-  
ses t h e r e  was n o  i n d i c a t i o n  t h a t  t h e  l a t t e r  two concepts would provide any 
c l e a r  a d v a n t a g e  o v e r  t h e  recommended c o n c e p t s  r e g a r d l e s s  o f  t h e  n a t u r e  o f  t h e  
5 h e a t i n g   p a t t e r n .   T h e r e f o r e ,   t h e y  were n o t   c o n s i d e r e d   p a r a m e t r i c a l l y .  
,$? 
i’i i n   t h e  two d imens iona l   hea t ing   pa t t e rn   ana lyses .   Each   concep t  was s i z e d   f o r  
3 
% 
the  range  of  hea t ing  condi t ions  over  which  i t  was r easonab ly  compe t i t i ve .  
5’ k3, When pane l  masses were e s t a b l i s h e d ,  a s y s t e m  r a n k i n g  p r o c e d u r e  l i k e  t h a t  
d i s c u s s e d  i n  S e c t i o n  4 . 4  w a s  u s e d  t o  d e r i v e  a n  i n t e g r a t e d  s c o r e  f o r  c o m p a r a -  
t ive purposes .  The mass g r a d e  f o r  t h i s  e v a l u a t i o n  was a l s o  d e t e r m i n e d  i n  a 
manner similar t o  t h a t  d e s c r i b e d  i n  S e c t i o n  4 .4 .  A s i n g l e  b a s i c  p a n e l  mass 
w a s  used as t h e  mass r a t io   denomina to r .   Th i s  mass of  93.9  kg  (207  lbm) was 
. .  
The a p p r o a c h  u s e d  i n  t h e  parametric e v a l u a t i o n  w a s  similar t o  t h a t  u s e d  
I 
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e s t a b l i s h e d  as t h e  minimum 9.29 m 2 .  (100 f t  2 ) p a n e l   s t r u c t u r a l  mass independent  
of  ACS components mass. T h e  p r o d u c i b i l i t y ,  r e l i a b i l i t y  a n d  i n s p e c t a b i l i t y /  
m a i n t a i n a b i l i t y  s c o r e s  p r e v i o u s l y  e s t a b l i s h e d  f o r  t h e  s u b j e c t  c o n c e p t s  were 
not  changed  but  were u s e d  i n  d e t e r m i n i n g  t h e  i n t e g r a t e d  s c o r e  f o r  e a c h  c o n c e p t  
ove r  t he  ex tended  r ange  o f  des ign  cond i t ions .  
T h e  r e s u l t i n g  i n t e g r a t e d  s c o r e s  are p resen ted  in  F igu re  93 .  The  more  
severe h e a t i n g  c o n d i t i o n s  r e s u l t e d  i n  l o w e r  s c o r e s .  It  is e v i d e n t  t h a t  t h e  
Modif ied Basel ine Panel  Concept  i s  s u p e r i o r  a t  t h e  l o w e r  h e a t i n g  c o n d i t i o n s ,  
t he  Insu la t ed  Pane l  Concep t  is s u p e r i o r  a t  t h e  h i g h e r  h e a t i n g  c o n d i t i o n s  a n d  
the  Finned  TubesConcept  i s  compe t i t i ve   be tween   t he   ex t r emes .  The t e c h n i q u e  
u s e d   t o   d e f i n e   t h e   " c r o s s - o v e r "   h e a t i n g   c o n d i t i o n s  was s t r a i g h t - f o r w a r d .  A s  
shown i n  F i g u r e  9 4 ,  a curve  was f a i r e d  t h r o u g h  t h e  c a r p e t  p l o t  d a t a  j o i n i n g  
common p o i n t s  w h e r e  t h e  i n t e g r a t e d  s c o r e s  are t h e  same f o r  two d i f f e r e n t  
concepts  a t  i d e n t i c a l  v a l u e s  o f  4 
o f  t h e s e  l o c i  o f  common p o i n t s ,  p r e s e n t e d  i n  F i g u r e  9 5 ,  p r o v i d e d  a clear 
d iv i s ion  be tween  the  concep t s  and  de f ined  the  r eg ime  of each  concep t ' s  supe r -  
i o r i t y .   F i g u r e  96 p r o v i d e s   t o t a l   p a n e l  masses. Given a se t  of d e f i n e d   i n t e r -  
f e r e n c e  h e a t i n g  c o n d i t i o n s ,  F i g u r e  95 can  be  used  to  select  a p a n e l  d e s i g n  
concept .  The p a n e l  mass can   then   be   ob ta ined   f rom  F igure  9 6 .  
uniform and ('peak/'uniform 1 .  c r o s s  p l o t t i n g  
F i g u r e  9 7  i l l u s t r a t e s  t h i s  p r o c e d u r e  a n d  reveals t h e  s i g n i f i c a n c e  O f  a 
s i n g u l a r  d e s i g n  c r i t e r i o n  - t h a t  of t h e  maximum h e a t i n g  ra te  imposed on the 
pane l  (4 peak) - i n  d e t e r m i n i n g  t h e  p a n e l  mass. A number of  p e a k  h e a t i n g  r a t e s ,  
from  22.7 kW/m (2  Btu/sec f t  ) t o  227 kW/m (20  Btu/sec f t  ) ,  were c o n s i d e r e d .  2 2 2 2 
A s  i n d i c a t e d ,  t h e  same p e a k  h e a t i n g  ra te  c a n  r e s u l t  as t h e  p r o d u c t  o f  v a r i o u s  
combina t ions  o f  t he  un i fo rm hea t ing  rate (4  u n i f o r m )  a n d  t h e  p e a k  h e a t i n g  r a t i o  
(4 peak/4   un i form) .  The  recommended p a n e l  d e s i g n  c o n c e p t  f o r  e a c h  set  o f  de- 
s i g n  c o n d i t i o n s  was ob ta ined   f rom  F igu re  9 5 .  F i g u r e  96 was t h e n  u s e d  t o  f i n d  
t h e   a p p r o p r i a t e   p a n e l  mass. .(' 
A t  low  peak   hea t ing   condi t ions ,   be low  approximate ly  45.4  kW/m ( 4  B t u / s e c  
:;i; 
f t  ) ,  where   the   Modif ied   Base l ine   Panel   Concept  i s  recommended, t h e   p a n e l  mass . ?  
i s  f o u n d  t o  b e  b a s i c a l l y  a f u n c t i o n  o f  t h e  p e a k  h e a t i n g  r a t e  on ly .  Th i s  t r end  
i s  a l s o  e v i d e n t  a t  h igh  peak  hea t ing  condi t ions ,  above  approximate ly  170 .2  






Panel  mass i n  t h e  i n t e r m e d i a t e  r a n g e  o f  p e a k  h e a t i n g  c o n d i t i o n s  i s  
i n f l u e n c e d  b y  t h e  re la t ive magnitudes of 4 uniform and (4 peak /4  un i fo rm) .  
However, i t  c a n  b e  n o t e d  t h a t  u n l e s s  t h e  p e a k  h e a t i n g  ra te  i s  c l o s e  t o  t h e  

















5.  Finned Tubes Concept 
FIGURE 93 
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FIGURE 95 






CONCEPT  MASSES - PARAMETRIC  EVALUATION 
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IMPORTANCE OF PEAK HEATING  RATE  AS  DESIGN  CRITERION 
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. 
un i fo rm hea t ing  rate, (; peak/q  uni form)  va lues  less t h a n  2 ,  t h e  p a n e l  mass is  
p r i m a r i l y  d i c t a t e d  b y  t h e  p e a k  h e a t i n g  rate. 
: 
S t r u c t u r a l  a n a l y s e s  p e r f o r m e d  f o r  t h e  n u m e r o u s  p a n e l  c o n c e p t s  showed t h a t  
thermal  stresses d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  p a n e l  mass. T h i s  r e s u l t  w a s  
d u e  t o  t h e  l o w  m a g n i t u d e  o f  t h e  t h e r m a l  stresses, t h e  l o n g i t u d i n a l  t h e r m a l  
stresses b e i n g  t e n s i o n  i n  t h e  t u b e s  only (which had a h i g h e r  a l l o w a b l e  t e n s i o n  
stress t h a n  t h e  s k i n s ) ,  a n d  t h e  a l l o w a b l e  stresses o f  t h e  s k i n s  b e i n g  g r e a t e r  
i n   compress ion   t han   t ens ion .  To e x p e d i t e  t h e  s t r u c t u r a l  a n a l y s e s  t o  b e  con- 
s i d e r e d  i n  t h e  p a r a m e t r i c  s t u d y ,  i t  w a s  determined which cases, i f  any ,  would  
be  impacted  by  thermal stresses. It was f o u n d   t h a t   t h e   t h e r m a l  stresses had 
n o t  s i g n i f i c a n t l y  a f f e c t e d  t h e  s t r u c t u r a l  mass u n l e s s  t h e  t h e r m a l  t e n s i o n  stress 
i n  t h e  t u b e  h a d  b e e n  s u f f i c i e n t  t o  i n c r e a s e  t h e  t o t a l  t u b e  t e n s i o n  stress ( i n  
a pane l  s i zed  fo r  mechan ica l  l oads  on ly )  above  the  a l lowab le  t ens ion  stress. 
The mechan ica l  t ens ion  stresses i n  t h e  t u b e  are l i m i t e d  by geometr ic  considera-  
t i o n s  t o  less than 160.3 MPa(23250 l b f / i n  ) u l t i m a t e  ( t h e  a l l o w a b l e  t e n s i o n  
stress o f ' t h e  s k i n s )  a l t h o u g h  t h e  a l l o w a b l e  u l t i m a t e  t e n s i o n  s t r e n g t h  o f  t h e  
t u b e s  is 237.9 ME'a (34,500 l b f / i n  ). Thermal   tube   t ens ion  stresses of less t h a n  
t h e  d i f f e r e n c e ,  77.6 MPa ( 1 1 , 2 5 0  l b f / i n  ), would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  
2 
s t r u c t u r a l  mass. It w a s  a l s o  n o t e d  t h a t  t h e  t u b e  t h e r m a l  t e n s i o n  stresses 
i n c r e a s e d  l i n e a r l y  w i t h  t h e  d i f f e r e n c e  b e t w e e n  t h e  maximum outer  sk in  tempera-  
t u r e  and   the  minimum t e m p e r a t u r e  i n  t h e  a d j a c e n t  t u b e .  T h i s  is  i l l u s t r a t e d  by 
F i g u r e  98. T h i s  d a t a  w a s  e x t r a p o l a t e d  t o  366 K (200'F) as shown by the   b roken  
l i n e  t o  d e t e r m i n e ,  f o r  l a r g e r  t e m p e r a t u r e  d i f f e r e n c e s ,  t h e  a p p r o x i m a t e  t h e r m a l  t e n -  
s i o n  stress i n  t h e  t u b e .  The e f f e c t  o f  t h e s e  h i g h e r  t h e r m a l  stresses on p a n e l  
u n i t  mass are shown i n  F i g u r e  9 9 .  The u n i t  masses were c a l c u l a t e d  by  use  of  
t h e  ACPOP mechanical stress program  considering  combined stresses. Figure   99  
i l l u s t r a t e s  t h e  e f f e c t  o f  t e m p e r a t u r e  d i f f e r e n c e s  on p a n e l  mass. It  shows t h a t  
f o r  t e m p e r a t u r e  d i f f e r e n c e s  o f  less than  about  89 K (160"F) ,  panel  mass penal-  
t ies  are  n o t  a t t r i b u t a b l e  t o  t h e r m a l  stress. S ince  the  maximum p o s s i b l e  AT is 
less t h a n  111 K (200'F) ( w i t h  t h e  s p e c i f i e d  maximum sk in  t empera tu re  of 394 K 
(250OF) a n d  t h e  c o o l a n t  i n l e t  t e m p e r a t u r e  o f  283 K (50°F) )   t empera tu re   d i f f e r -  
e n c e s   i n   e x c e s s   o f  89 K (160'F) have  seldom  been  encountered. A s  a r e s u l t ,  
t h e  e f f e c t  o f  t h e r m a l  stresses ( i n  t h i s  s t u d y )  were found to  be minimal  com- 
pared t o  o t h e r  MCAIR s tud ie s  wh ich  used  h ighe r  (422 K (300'F)) allowable akin 
t empera tures   and/or   lower   coolan t   t empera tures .   F igure  99 a l s o  shows t h a t ,  































Note: T1 is the  maximum  outer skin 
temperature at a node. 
T2 is the minimum tube temperature 
at the  same  node. 
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FIGURE 98 
COOLANT TUBE THERMAL  TENSION  STRESS 
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ltimate P r e s s u r e  
97 .9  kPa  . (14 .2 .1bf / in2)  
Ultimate P r e s s u r e  
51.3 kPa (7.44 lbf / in2)  
NOTE: AT is  t h e  same as on Figure  98. 
Unit  mass i n c l u d e s  o n l y  t h e  s k i n s ,  t u b e s ,  
and honeycomb c o r e .  
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FIGURE 99 
PANEL  UNIT  MASS  SENSITIVITY  TO  STRUCTURAL  TEMPERATURE  DIFFERENCE 
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i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s e s  i n  t e m p e r a t u r e  d i f f e r e n c e s .  The mass i n c r e a s e  
was a r e s u l t  of r e d u c i n g  stress levels by  means of i n c r e a s i n g  t h e  p a n e l  h e i g h t  
a n d  i n n e r  s k i n  t h i c k n e s s  w h i l e  m a i n t a i n i n g  a coo lan t  t ube  wall  t h i c k n e s s  o f  
0 .71  mm (.028 i n ) .  I f  t h e   t e m p e r a t u r e   d i f f e r e n c e s ,   a n d   t h e   r e s u l t i n g   t h e r m a l  
stresses, i n  t h i s  p r o g r a m  h a d  b e e n  of s u f f i c i e n t  m a g n i t u d e  t o  result i n  t h e  
l a r g e  mass p e n a l t i e s  i n d i c a t e d  i n  F i g u r e  99, t h e  l i g h t e s t  method of  obtaining 
the  r equ i r ed  add i t iona l  s t r eng th  wou ld  have  been  de te rmined .  Because  the  
h ighe r  t he rma l . . s t r e s se . s  ' a re  'most c r i t i c a l  on t h e  t u b e s ,  i t  i s  a n t i c i p a t e d  t h a t  
i n c r e a s i n g  t h e  t u b e  w a l l  th ickness  would  be  benef ic ia l .  This  would  not  on ly  
d e c r e a s e  t h e  stress levels i n  t h e  t u b e  b u t  w o u l d  a l s o  i n c r e a s e  t h e  f a l l o w a b l e  
t e n s i o n  stress of the  tubes  (based  on  crack  growth  ra tes ) .  
.: I ,  , 
. .  . . 
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7. CONCLUSIONS 
In  pe r fo rming  the  s tudy  w e  s e l e c t e d  t h r e e  a c t i v e l y  c o o l e d  p a n e l  d e s i g n s  
t h a t  c o u l d  b e  u s e d  i n  r e g i o n s  s u b j e c t  t o  i n t e r f e r e n c e  h e a t i n g .  The regime 
o f  a p p l i c a b i l i t y  w a s  t h e n  d e f i n e d  i n  terms of  des ign  hea t ing  ra te  requ i r e -  
men t s ,   fo r   each   concep t .   These   r e su l t s  are summarized  below. 
o Modified " Basel ine Panel  Concept  - This  concept  is recommended f o r  
r eg ions  expe r i enc ing  low un i fo rm su r face  hea t ing  and  low peak  hea t -  
i ng .   Th i s   concep t   i nco rpora t e s   on ly   minor   changes ,   i n   t he   fo rm of 
decreased  tube  spac ing  and  increased  coolan t  f low,  compared  to  the  
b a s i c  a c t i v e l y  c o o l e d  p a n e l  d e s i g n .  
o Finned Tube  Concept - This  concept  is recommended fo r  r eg ions  expe -  
r iencing moderate  combined levels of uniform and peak heating rates. 
The o n l y  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h i s  c o n c e p t  a n d  t h e  b a s i c  
pane l  des ign  is  t h a t  s p e c i a l l y  c o n f i g u r e d  c o o l a n t  t u b e s  w o u l d  b e  
employed i n  p l a c e  o f  t h e  s m o o t h  t u b e s  n o r m a l l y  u s e d .  T h e s e  s p e c i a l  
t ubes  are i n t e r n a l l y  f i n n e d  t o  augmen t  hea t  t r ans fe r  and thus ,  reduce  
coolan t  f low requi rements .  
o Insu la ted   Panel   Concept  - This   concept  is recommended f o r  r e g i o n s  ex- 
pe r i enc ing  seve re  un i fo rm and  peak  design  heat ing rates. This   cooled 
pane l  wou ld  r equ i r e  on ly  minor  r ev i s ions  to  a b a s i c  p a n e l  i n  t h e  form 
of p r o v i s i o n s  f o r  a thermal   protect ion  system  (TPS).  The  TPS, con- 
s i s t i n g  o f  a supe ra l loy  sh ing le  and  a t h i n  l a y e r  of i n s u l a t i o n ,  would 
b e   i n s t a l l e d   o n   t h e   p a n e l ' s   e x t e r n a l   s u r f a c e .   T h i s   a r r a n g e m e n t   w o u l d  
reduce  the  hea t  load  tha t  mus t  be  absorbed  by  the  cool ing  sys tem thus  
ma in ta in ing  pane l  mass a t  r e a s o n a b l e  l e v e l s .  
A d d i t i o n a l  r e s u l t s  were obta ined  and  observa t ions  made d u r i n g  t h i s  s t u d y .  
These  f ind ings  are as fo l lows:  
o L o c a t i o n  o f  t h e  i n t e r f e r e n c e  h e a t i n g  i s  no t  a d r i v i n g  f a c t o r  - While 
i t  w a s  shown t h a t  d e s i g n  r e q u i r e m e n t s  are more demanding when peak 
h e a t i n g  i s  l o c a t e d  n e a r e r  t h e  c o o l a n t  e x i t  r a t h e r  t h a n  n e a r  t h e  i n l e t  
o f   t h e   p a n e l ,   t h e   r e s u l t a n t  mass d i f f e r e n c e s  were small. Therefore ,  
exac t  knowledge  o f  hea t ing  pa t t e rn  o r i en ta t ion  and  of i t s  p a t t e r n  
s h i f t i n g  c h a r a c t e r i s t i c s  w i l l  no t  be  r equ i r ed .  
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o T o t a l   p a n e l  mass i s  primgr-ily -~ d i c t a t e d  ~ - . . " . . . by   peak   su r f ace  "" h e a t i n g  ra te  - 
The t o t a l  p a n e l  masses a s s o c i a t e d  w i t h  t h e  recommended concepts  can  be  
r e a s o n a b l y  e s t i m a t e d  u s i n g  t h e  s i n g u l a r  c r i t e r i o n  o f  p e a k  h e a t i n g  rate. 
U n l e s s  t h i s  p e a k  h e a t i n g  i s  n e a r  a uniform level o v e r  t h e  entire p a n e l ,  
t h e  r a t i o  o f  p e a k  t o  u n i f o r m  h e a t i n g  i s  not  of  paramount  importance.  
Thus ,  mos t  pane l s  des igned  fo r  i n t e r f e rence  hea t ing  can  be  des igned  to 
s a t i s f y  a leve l  of  peak heat ing without  imposing an undue mass p e n a l t y  
on t h e  a i r c r a f t .  T h i s  would a l leviate  some c o n c e r n   r e g a r d i n g   t h e   d e g r e e  
o f  a c c u r a c y  r e q u i r e d  i n  a n a l y t i c a l l y  d e f i n i n g  t h e  d e t a i l s  o f  i n t e r f e r e n c :  
h e a t i n g  p a t t e r n s .  
o Techniques   tha t  . augment . ". . . h e a t  . "_ t r a n s f e r  i n  t h e   c o o l a n t  - t u b e s   r e d u c e   t o t a l  
p a n e l  mass - The a d v a n t a g e s  r e a l i z e d  by i n c r e a s i n g  h e a t  t r a n s f e r  t h r o u g h  
var ious  augmenta t ion  techniques  outweigh  the  d isadvantages  due  to  in-  
c r e a s e d   f r i c t i o n .  The i n c o r p o r a t i o n   o f   i n t e r n a l l y   f i n n e d   c o o l a n t   t u b e s  
p r o v e d   t o   b e   a t t r a c t i v e   a t   a l l   d e s i g n   c o n d i t i o n s .   O t h e r   t e c h n i q u e s ,  
such  as f o r c i n g  t h e  f l o w  t o  swirl w i t h i n  t h e  t u b e  o r  r o u g h e n e d  t u b e  i n -  
ternal s u r f a c e s  a l s o  had   advantages   over   smooth   tube   t echniques .   These  
advantages are r e a l i z e d  l a r g e l y  d u e  t o  t h e  h i g h  P r a n d t l  number charac-  
terist ics of h e a t  t r a n s f e r  f l u i d s  s u c h  as e t h y l e n e  g l y c o l / w a t e r .  
o Mass c h a r g e d  t o  i n f l u e n c e s  of thermal  stre.sses can  be  minimized - -~ ". " . .- ". . " - "
Thermal stresses were found to  i m p a c t  on ly  one  concep t ;  t hey  a f f ec t  t he  
Thickened  Skin  Concept i n  terms of  a s t r u c t u r a l  mass requirement .  Even 
t h i s  r e q u i r e m e n t  was small compared t o  t h e  ACS component mass v a r i a -  
t i o n s .   T h i s  w a s  p r imar i ly   due   t o   t he   a s sumed  maximum s t r u c t u r a l  temp- 
e r a t u r e ,  3 9 4 K  (250"F), and t h e  c o o l a n t  i n l e t  t e m p e r a t u r e  u s e d ,  283 K 
(50"F) ,  which  tended  to  minimize  thermal stresses. Larger   t empera ture  
g r a d i e n t s ,  w i t h  r e s u l t i n g  h i g h e r  t h e r m a l  stresses, d u e  t o  h i g h e r  p a n e l  
t empera tu res  and /o r  l ower  coo lan t  t empera tu res  cou ld  inc rease  the  
p a n e l  mass by a s i g n i f i c a n t   a m o u n t .   L a r g e r   t e m p e r a t u r e   g r a d i e n t s  
c o u l d  r e s u l t  d u r i n g  t r a n s i e n t  h e a t i n g  c o n d i t i o n s  o r  i f  t h e  a s s u m p t i o n  
of a n e a r  a d i a b a t i c  p a n e l  i n n e r  s u r f a c e  was n o t  a p p l i c a b l e .  
o D e s i g n i n g   f o r   t h r e e  .&im.e~s.i?nab. raJ&.eK _tha.n...twg= ~d&%ePSioIl.al~.-. hFAt&g_ 
pat t e r n s  w i l l  . . n o t  . . . .  s ignifiTc.a=?,t?y~ ~ .ipp=act. ;tp_tal. Aarged. _to- .ae.~!..SL - 
The mass s a v i n g s  o b t a i n e d  w i t h  ACS c o m p o n e n t s  d e s i g n e d  s p e c i f i c a l l y  f o r  
a t h r e e ,  r a t h e r  t h a n  a t w o ,  d i m e n s i o n a l  h e a t i n g  p a t t e r n ,  f o r  t h e  r a n g e  
o f   p e a k   h e a t i n g   r a t e s   i n v e s t i g a t e d ,  were small. These mass s a v i n g s  
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were n o t  j u s t i f i a b l e  b e c a u s e  o f  t h e  u n c e r t a i n t i e s  i n v o l v e d  i n  p r e d i c t -  
i n g  t h e  exact shape ,  l oca t ion ,  and  magn i tude  o f  the t h r e e  d i m e n s i o n a l  
pa t te rn .   Thermal  stress c o n s i d e r a t i o n s  are more  complex  for the t h r e e  
d imens iona l   hea t ing  cases. However, f o r   t h e   p a n e l   c o n c e p t s   a n d   h e a t i n g  
p a t t e r n s  i n v e s t i g a t e d ,  t h e  i n f l u e n c e  o f  t h e r m a l  stresses on  panel  
s t r u c t u r a l  mass w a s  minimal. 
. .  Peak   ex~ te rna l   _norma lppres su res  . " "  ~. ." . . . . "  d e   t o   i n t e r f e r e n c e   f l o w   i m p a c t   p a n e l  
mass - The i n c r e a s e  i n  l o c a l  n o r m a l  p r e s s u r e  w i t h i n  d i s t u r b e d  f l o w  
r e g i o n s ,  f o r  t h e  r a n g e  of c o n d i t i o n s  i n v e s t i g a t e d ,  r e s u l t e d  i n  a g r e a t e r  
impact   on  panel  mass than   t he   encoun te red   t he rma l  stresses. Thus, 
peak  normal  pressure ,  as w e l l  as p e a k  s u r f a c e  h e a t i n g  ra te ,  i s  import- 
a n t  as a des ign  parameter .  
P r o d u c i b i l i t y  i . "= - - ~. . . . . is . . ~ notL . . a ~ p r i v i n - g  - .  . . . . . " f a c t o r  . . .. . ." i n  . . . e v a l u a t i n g  . . . d i f f e r e n c e s   i n  
a c t i v e l y  1 -I = . . . - . . ~ "  cooled T_ p a n e l   d e s i g n  - W h i l e   w i d e l y   d i f f e r e n t   a p p r o a c h e s   t o  
a c t i v e l y  c o o l e d  p a n e l  d e s i g n  were e v a l u a t e d ,  t h e i r  p r o d u c i b i l i t y  r a n k -  
i n g s  were similar.  T h i s  i n s e n s i t i v i t y  i s  d u e   t o   t h e   h i g h   b a s i c   c o s t   o f  
f a b r i c a t i n g   a n y   a c t i v e l y   c o o l e d   p a n e l .  The d e s i g n   v a r i a t i o n s   c o n s i d e r e d  
can  be  accommodated a t  a r e l a t i v e l y  small expense  or ,  if a m o r t i z e d  i n t o  
an overal l  panel  development  program, would become i n s i g n i f i c a n t .  
Mass ~. " d i r e c t l y   a t t r i b u t a b l e   t o   i n t e r f e r e n c e   h e a t i n g .   d e s i g n   r e q u i r e m e n t s  
has  - - .small - I." e f f e c t   o n   a i r c r a f t   p e r f o r m a n c e  - The mass i n c r e a s e   p e r   p a n e l  
n e c e s s a r y  t o  accommodate t h e s e  r e q u i r e m e n t s  c a n  b e  q u i t e  l a r g e .  However, 
t h e  number  of p a n e l s ,  o v e r  a n  e n t i r e  a i r c r a f t ' s  s u r f a c e ,  a f f e c t e d  
would  be  expected  to   be small. The Mach 6 h y p e r s o n i c  t r a n s p o r t  a i r -  
c r a f t  u s e d  as a b a s i s  f o r  t h i s  s t u d y  ( a n d  d e s c r i b e d  i n  R e f e r e n c e s  1 and 
2)  was examined t o  p l a c e  a t ang ib le   va lue   on   t hese   r equ i r emen t s .   Shocks  
emanat ing  f rom the  wings  and  ver t ica l  t a i l  and f low from the boundary 
l a y e r  d i v e r t e r  a b o v e  t h e  e n g i n e  i n l e t  d u c t  were cons idered  as s o u r c e s  
p roduc ing   i n t e r f e rence   hea t ing .   The  number o f   coo led   pane l s   a f f ec t ed  
w a s  e s t i m a t e d  as 48 (compared t o  t h e  t o t a l  o f  a p p r o x i m a t e l y  400 p a n e l s  
o v e r  t h e  e n t i r e  v e h i c l e ) .  U n i f o r m  h e a t i n g  rates f o r  t h e s e  p a n e l s  v a r i e d  
from 13.6 t o  45.4 kW/m (1.2 t o  4.0 Btu/sec  f t  ). R a t i o s   o f  (4 peak/ 2 2 
q uniform)  from 2 t o  5 were assumed. The a d d i t i o n a l  mass r e q u i r e d  
( a b o v e  t h a t  n e c e s s a r y  f o r  t h e  u n i f o r m  h e a t i n g  ra te  only)  w a s  determined 
t o  b e  709 kg (1564 lbm).  This mass is 0.2% o f  t h e  b a s i c  a i r c r a f t  t a k e -  
o f f   g r o s s   w e i g h t .   R a n g e   s e n s i t i v i t i e s   d e v e l o p e d   f o r   t h i s   a i r c r a f t  
du r ing   t he   Re fe rence  1 s t u d y  were a l s o   c o n s i d e r e d .   T h i s  mass increase 
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would r e s u l t  i n  a 36.4 km (19.7 NM) r ange  loss  f r o m  t h e  b a s i c  a i r c r a f t  
r a n g e  c a p a b i l i t y  o f  9 . 2 0  Mm (4,968 NM) . 
- ,  
o Finned Tube Concept  offers  mass sav ings  ove r  w ide  r ange  o f  po ten t i a l  
d e s i g n  c o n d i t i o n s  - Based  on  the  concept  ranking  sys tem used ,  the  F inned  
Tube  Concept was f o u n d  t o  b e  s u p e r i o r  a t  many d e s i g n  c o n d i t i o n s ,  I n  
a d d i t i o n ,  i f  o n l y  t h e  m o s t  i m p o r t a n t  c r i t e r i o n ,  mass, was cons ide red  
t h e  c o n c e p t ' s  r a n g e  of a p p l i c a b i l i t y  would be expanded. Mass can  be  
m i n i m i z e d  w i t h  t h i s  c o n c e p t  u n l e s s  d e s i g n  c o n d i t i o n s  t h a t  r e s u l t  i n  
peak  hea t ing  rates of  170.2 kW/m (15 Btu / sec  f t  ) o r  g r e a t e r  are 
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